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 Abstract 
According to helmet standards, the absorption capacity of helmets is assessed 
through impact of a headform fitted with the helmet onto an anvil. It implies that the 
effect of the rest of the body on impact outputs has been assumed to be negligible. 
The purpose of this work was to investigate this effect. Full-body and detached-head 
impacts were simulated using the Finite Element (FE) method. A detailed FE model 
of a composite-shell helmet was developed and validated against experimental data. It 
was coupled with an FE model of the Hybrid III dummy. To validate the full-body 
impact model, a new test method was designed to drop test helmeted dummies. As a 
consequence of the presence of the body, the crushing distance of the helmet liner was 
drastically increased. This evidence indicated that the effect of the body should be 
included in impact absorption tests in order to provide conditions that are more 
realistic to real world accidents and more stringent. 
 The solution to an analytical model proposed for helmeted headform impacts 
revealed that the influence of increasing the headform mass on impact outputs, 
particularly the liner crushing distance, is the same as the influence of the body. The 
added mass was calculated for various impact configurations by using a detailed FE 
model of the human body. Finally, an added mass of 20% together with a 9% 
reduction in the limit of head linear acceleration were proposed. 
 Full-body and detached-head oblique impacts were also simulated. The results 
indicated that the body had a noticeable influence on head rotational acceleration. 
Modifying the inertia matrix of the head to include this effect in the detached-head 
drop tests was proposed. By using an FE model of the human head, intracranial injury 
predictors were also evaluated in oblique impacts considering the complete 
kinematics of the head. 
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1 Introduction 
 
 
Motorcyclists’ safety is an important issue in transport policy decision-making 
because they are among the most vulnerable road users. Even though Motorcycles 
comprise only 6.1% and 2.4% of all motorised vehicles in Europe and the US 
respectively (ACEM, 2006), motorcyclists account for 16% of total road-user 
fatalities in Europe and 9% of total traffic fatalities in the US (COST327, 2001, 
NCSA, 2004). 
Head injury is the most frequent type of injuries which cause death or disability in 
motorcycle accidents. The investigation of 253 well-documented motorcycle 
accidents in Europe (COST327, 2001) showed that when injuries were classified 
based on the maximum abbreviated injury scale (MAIS, see appendix A), the 
percentage of head injuries increased as the MAIS increased (from 38% for MAIS 1 
to 81% for MAIS 3+). This fact highlights the importance of head protection. 
The only item of personal protective equipment that protects a motorcyclist’s head 
in real world accidents is the safety helmet. The US National Centre for Statistics and 
Analysis (NHTSA) reported that in the US from 2000 to 2002, 48% of fatally injured 
motorcyclists had a head injury (NCSA, 2007). This report revealed that using 
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helmets reduced the number of head injuries; it was found that about 51% of 
unhelmeted riders suffered head injuries as compared to 35% of helmeted riders. 
A motorcycle helmet is normally made of four main parts as shown in Figure 1: 
1. The shell, which is the outermost component and directly experiences the 
impact. Its duties are distribution of the external load on a larger area of the 
underlying component, contribution to the impact energy absorption and prevention 
from penetration of sharp objects. Helmet shells are usually made of thermoplastic or 
composite materials.  
2. The energy absorbing liner, which is often made of crushable foams such as 
expanded polystyrene (EPS). This part provides the main contribution to the impact 
energy absorption. 
3. The comfort liner is made of easily deformable foam, and provides the best fit to 
the wearer’s head.  
4. The retention system, or chin strap, which should retain the helmet on the head 
during an impact or a series of impacts. 
 
 
Figure 1     Main parts of a motorcycle helmet. 
 
Motorcycle helmets have to pass prescribed standard tests, prior to become 
commercially available, in order to assure that they have an acceptable protective 
capability. Almost all standards follow the same concepts for evaluating the protective 
capability of helmets, which are: 
1. The helmet shall be able to absorb impact energy; 
2. It shall remain on the head during accident; 
3. It shall resist penetration. 
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The first concept probably has the highest importance among all. A considerable 
controversy exists regarding the impact absorption test method adopted by current 
standards, which indicates that it requires more research. This test method is the main 
focus of this thesis. 
A survey of the history of helmet standards revealed that the impact absorption test 
method has evolved considerably (Becker, 1998). The first standards adopted a simple 
method; the helmet was positioned on a fixed headform and impacted with a striker. 
Among the disadvantages of this method was using a fixed headform, while in real 
world accidents a moving head impacts another object. Current standards require 
dropping a helmeted headform on a rigid anvil at a specific impact velocity (Ghajari, 
et al., 2008). The helmet passes the tests if resultant linear acceleration of the 
headform is lower than a stated limit.  
Important features of the current impact absorption test method are summarised in 
Figure 2. In this figure, the impact configuration refers to the impact site and to the 
free or confined fall. There are three possible sources which can help specify the 
details of these features: 
1.  Accident investigation, which includes collecting data from accident scenes, 
identifying the type and severity of injuries and reconstructing accident 
dynamics. The data provided by accident investigations can be used to 
specify impact sites, impact velocities and the shape of anvils.  
2. Biomedical investigation on the human head attempts to collect data about 
physical properties of the head such as mass, the centre of gravity (C.G.) and 
its anthropometry. These data are essential for specifying the main features of 
a few headforms, including their dimensions and masses.  
3. Impact biomechanics of the human head seeks to find a relation between 
external impact loads applied on the head and internal responses of the head, 
which might lead to no injury, temporary disability, permanent disability or 
death. It provides information about pass/fail criteria and their limits. In fact, 
these criteria involve measurable physical quantities which indicate the 
probability of head injury. 
These data are extremely important for designing an effective and relevant assessment 
procedure. New achievements in these areas have led to advances in the field of 
standards over the last 50 years. Nonetheless, the current impact absorption test 
method is still far from representing real world accidents, where the whole body is 
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present. In fact, the probable consequences of excluding the rest of the body by 
employing a detached headform in drop tests have received little attention. 
 
 
Figure 2     Features of the impact absorption test method. 
 
 
1.1 Outline and originality 
In this thesis, the influence of the body on the responses of the head and helmet 
during impact is studied by using the Finite Element (FE) method. In the next chapter 
impact biomechanics of the human head is reviewed with an emphasis on injury 
criteria and tolerances. The impact absorption test of the worldwide accepted helmet 
standard, UNECE22.05 (2002), is described in chapter 3 and compared to other well-
known standards. In that chapter, some criticisms and studies about important features 
of the standards, particularly employing a headform (ignoring the rest of the body), is 
reviewed.  
FE modelling of a commercially available composite-shell helmet is explained in 
chapter 4. A unique feature of this model is including an in-plane hybrid composite, 
which forms a major portion of the shell. Elastic properties and failure parameters of 
this composite were obtained by using the rule of mixtures and making assumptions 
for its failure mechanisms. Tension and compression tests were performed on coupons 
made of this composite and the results were used to verify its estimated mechanical 
parameters. To validate the model of the helmet, drop tests were performed on the 
helmet at various impact sites and by using different anvils, which are explained in 
chapter 4. 
An FE model of the Hybrid III dummy, fitted with the model of the helmet, was 
used to simulate full-body helmet impacts. A number of impact tests were carried out 
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on a Hybrid III dummy equipped with the same helmet and the results were used to 
validate the model of the dummy. Detached-head drop tests were simulated by using 
the helmeted detached head of the dummy. These tests and their results are reported in 
chapter 5. The comparison between the full-body and detached-head drop test results 
might highlight probable influences of the body on impact outputs. A one-
dimensional analytical model is proposed for the helmeted headform impact. The 
solution to this model reveals the relations between impact inputs, properties of the 
helmet and impact outputs. These relations are extremely important when the effect of 
the body on impact outputs is to be included in headform drop tests, by modifying one 
or more impact inputs. 
Since the Hybrid III neck is stiffer than the human neck under axial loading 
(Herbst, et al., 1998), the effect of the body is susceptible to be overestimated by 
using the Hybrid III dummy. This issue is investigated in chapter 6 by simulating full-
body impacts using a very detailed FE model of the human body (THUMS). The 
response of its cervical spine under axial loading is validated through comparison 
with the results of cadaver experiments. In the same chapter, the neck/head reaction 
forces are evaluated and compared between Hybrid III and THUMS simulations. The 
underlying mechanisms of load transfer are discussed and compared with 
observations in cadaver experiments. Moreover, the effect of the body is evaluated for 
various body impact angles and impact sites. 
The above mentioned impacts are normal, which means the component of the 
impact velocity tangential to the anvil surface is zero. Full-body and detached-head 
oblique impacts were simulated using THUMS for one impact configuration, as 
reported in chapter 7. The results are compared in order to quantify the effect of the 
body on head rotational acceleration. A novel measure is proposed to include this 
effect in headform oblique impacts.  
Oblique impacts were performed on the helmet positioned on a Hybrid II 
headform. An FE model was developed for the headform and was used to simulate the 
same helmet oblique impacts. In chapter 7, the experiments and the development of 
the model of the headform are described. In addition, experimental and numerical 
impact results are compared to validate the behaviour of the helmet in oblique 
impacts. 
It is acknowledged that both linear and rotational accelerations are important head 
injury mechanisms (King, et al., 2003). Therefore, to evaluate the probability of head 
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injury, they should be considered together, for instance by using an FE model of the 
human head. An FE model of the human head was converted to LS-DYNA format 
and validated against cadaver experiments. This model was employed to evaluate the 
intracranial response of the human head in oblique impacts, as reported in chapter 8. 
The aim was to explore the influence of the body on intracranial parameters. The last 
chapter summarises the conclusions and implications of the research and proposes 
some lines for future studies. 
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2 Impact Biomechanics of the Human Head 
 
 
2.1 Introduction 
Impact biomechanics of the human head has four branches (King, 2000): injury 
mechanism, mechanical response, tolerance and biofidelity of surrogates. The injury 
mechanism is the mechanical cause of an injury. For example, since focal fracture of 
the skull occurs by compressing an area of the skull, its injury mechanism is the 
compressive load. The mechanical behaviour of a biological part exposed to loading 
is called the mechanical response. It is usually studied by testing animals, cadavers or 
physical models, and is sometimes used to provide input for numerical models and 
evaluate their accuracy. Investigating the tolerance of the human head to impact 
loading is probably the most difficult branch of the impact biomechanics of the head 
due to the large variation in mechanical properties of the head tissue with age, gender 
and geometry. The level of injury should be determined and related to physical 
parameters so that by measuring some physical parameters and subsequent 
mathematical manipulations, one can estimate the level of injury. The biofidelity of 
surrogates deals with devices that have been developed to represent the whole or part 
of the human body, such as anthropomorphic test dummies (ATD).  
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It was mentioned in the first chapter that head injury is the most frequent type of 
injuries which cause death or disability in motorcycle accidents. Indeed, the aim of 
the impact absorption test is to assess the capability of helmets to protect the head 
from injuries. Therefore, the aim of this chapter is to provide insight into the impact 
biomechanics of the head. Anatomy of the human head, common head injuries, injury 
mechanisms, injury criteria and tolerances are reviewed. FE models of the human 
head are indispensable tools in studying its impact response. At the end of this 
chapter, some modelling issues are addressed and some state-of-the-art FE models of 
the human head are introduced. 
2.2 Anatomy of the human head 
The important parts of the human head, from the mechanical point of view, are the 
scalp, skull, blood vessels, meninges, cerebrospinal fluid (CSF), cerebrum, 
cerebellum and brain stem. 
Scalp: it is 5-7mm thick and composed of five layers, as shown in Figure 3: 
1) skin, 
2) dense connective tissue that adheres to both the skin and the underlying 
epicranial aponeurosis; this layer is firm, dense and fibro-adipose in composition, 
3) aponeurosis, 
4) loose connective tissue, 
5) periosteum (pericranium), which sticks to skull. 
Gurdjian (1972) carried out some impact tests on cadaver heads with and without the 
scalp. He found that with the same amount of impact energy, when the scalp was 
removed, the impact force increased about 35% and pulse duration decreased. In FE 
models of the head, scalp is usually modelled with a linear elastic material model 
(Horgan, 2005, Willinger and Baumgartner, 2003). 
Skull: craniofacial skull is a bony basis for the face and a protective vault for the 
brain and sense organs. It comprises of the face and the cranium, which with the 
exception of the mobile lower jaw (mandible) are such connected together in adults 
that can be treated as one body in simulations. The cranium comprises of eight bones 
(Figure 4): occipital bone, two temporal bones, sphenoid bone, frontal bone, two 
parietal bones and ethmoid bone. The cranium thickness varies from 4 mm to 10 mm, 
being the thickest towards the temporal bones and the thinnest towards its base 
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(Horgan, 2005). The skull bone is mainly made of three layers: the inner and outer 
tables made of a compact bone and the middle spongy layer (diploe). 
 
 
 
Figure 3     Cross section of the scalp, skull and brain. (from Primal Pictures (2006).) 
 
 
Meninges: there are three membranes known as meninges, which envelope the 
brain and the spinal cord. The outermost membrane is tough and fibrous, about 1mm 
thick and called the dura mater (Figure 3). It splits into two layers; the outer layer 
sticks to the skull and the inner layer reflects as sheet-like protrusions into the cranial 
space. Thus, they provide considerable support to the brain in various head motions 
(Ruan, et al., 2001). The inner layer sticks to the second membrane, called the 
arachnoid mater, but can easily be separated. This layer forms four dural reflections: 
1) the falx cerebri, which projects in the longitudinal fissure between the cerebral 
hemispheres of the brain and above the corpus callosum (Figure 5), 
2) the tentorium cerebelli, which lies between occipital lobes of the cerebral 
hemispheres and the cerebellum, 
3) the falx cerebelli, which is a small midline fold that separates two hemispheres 
of the cerebellum, 
4) the diaphragma sellae. 
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The third memberane is the pia matter. The arachnoid and pia maters are layers of a 
transparent substance surrounding the brain and spinal cord. The meninges can be 
modelled with elastic or viscoelastic membrane elements (Ruan, et al., 2001). 
 
 
Figure 4     Midsagittal section1 through the skull and mandible. (adopted from Primal Pictures 
(2006).) 
 
 
Cerebrospinal fluid (CSF): there is a space between the arachnoid mater and the 
pia mater called the subarachnoid space (Figure 3). This space and the four ventricles 
(cavities) of the brain are filled with a near Newtonian fluid known as cerebrospinal 
fluid (CSF). The function of this fluid is to provide buoyancy of the brain and cushion 
it against external impact loads and movements. Its volume is about 140 ml and its 
specific gravity is about 1.008 in adults. In order to account for the incompressibility 
and fluidity of the CSF in FE models, it is modelled with solid elements with a very 
high bulk modulus and a very low shear modulus (Ruan, et al., 2001). 
Brain: the human brain is the most complex organ in the known universe. The 
average weight of the brain is about 1300–1400 g. Structurally, it can be divided into 
five parts (Figure 5): cerebrum, cerebellum, midbrain, pons and medulla oblongata. 
The cerebrum occupies 85% of the cranial space and is similar to two hemispheres 
located at either side of the midsagittal plane forming a fissure where the falx cerebri 
projects in. Each cerebral hemisphere is comprised of a gray matter, called cortex, 
with an average thickness of 2.5 mm covering a core of white matter.  The sub-
                                                 
1
 Anatomical planes and directions are defined in appendix B. 
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cortical white matter is composed of myelinated axons, which form tracts to connect 
the cerebral cortex with the spinal cord, cerebral hemispheres and areas of the same 
hemisphere. The cerebellum is the second largest mass of the nervous tissue of the 
brain. It is separated from the posterior cerebral lob by the tentorium cerebelli. Its 
median region is separated from pons and medulla oblongata by the fourth ventricle. 
The pons is a 2.5 cm round bulge located above the medulla oblongata. The medulla 
oblongata is the most inferior portion of the midbrain which begins at the foramen 
magnum (shown in Figure 4) and descends 3 cm until continuing as the spinal cord. 
There are four ventricles inside the brain (Figure 5): two laterals (not shown in Figure 
5), third and fourth. They are filled with about 20 ml of the CSF and their mechanical 
function is to give the brain buoyancy. 
 
 
 
Figure 5     Midsagittal section of the brain. (adopted from Primal Pictures (2006).) 
 
 
The venous drainage of brain tissues terminates at the dural venous sinuses, such 
as the superior sagittal sinus shown in Figure 3. Therefore, there are usually free 
segments of veins, 10 mm to 20 mm long, in the subdural space, which are prone to 
rupture due to relative movement of the brain and skull. Rupture of these bridging 
veins will cause subdural haematoma (SDH). Bridging veins can be modelled with 
elastic or viscoelastic truss elements (Kleiven, 2003). 
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2.3 Head injury 
Head injuries can be categorized into scalp damage, skull fracture and brain injury. 
According to COST (2001), the probability of each type among 409 documented head 
injuries in motorcycle accidents were 13.4% soft tissue abrasion, 22.5% skull fracture 
and 56.7% brain injury. Therefore, brain injury was the most frequent type of head 
injuries in motorcycle accidents followed by skull fracture. Since soft tissue damage 
is not as serious as brain injury and skull fracture, it is ignored in this study. 
2.3.1 Skull fracture 
Three frequent types of skull fracture in low velocity impacts, such as motorcycle 
accidents, are linear fracture, depressed fracture and penetrating fracture, which are 
illustrated in Figure 6. Linear fracture occurs at the impact site or at a distal point 
owing to severe skull flexural deformation and snapback. This type of fracture may 
not injure meninges and brain, so it can be argued as one of the natural mechanisms of 
energy absorption (Shuaeib, et al., 2002). Depressed fracture occurs when pieces of 
the broken skull press into the tissue of the brain, and penetrating fracture occurs 
when something pierces the skull, such as a bullet, leaving a distinct and localized 
injury to the brain tissue. 
 
 
 
linear (effect of a flat object) depressed (effect of a blunt object) 
 
penetrating (effect of a sharp object) 
 
Figure 6     Three types of skull fracture in low velocity impacts. (from notes of a Neurology 
lecture (2006).) 
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COST reported that 88% of the opposite objects in the documented motorcycle 
accidents were round and flat and only 4% were edge-shape such as a kerbstone. 
Despite its low frequency, collision against edge objects resulted in more severe head 
injuries. Spike-like struck objects were not reported in this database. Although COST 
has not categorized skull fractures as linear, depressed and penetrating, it can be 
inferred from the shape of the struck object that the most probable types of skull 
fractures in motorcycle accidents are linear and depressed. 
2.3.2 Intracranial injury 
Intracranial injuries can be classified into two groups: extra-cerebral haematoma 
(bleeding) and brain traumatic injury. Rupture of the bridging veins due to skull/brain 
relative motion, especially in rotation, is the main cause of extra-cerebral haematoma 
and categorized as (Figure 7): 
1) Epidural Haematoma (EDH): also called extradural haemorrhage, is blood 
accumulation between inner surface of the skull and the dura mater. EDH is not as 
lethal as the subdural haematoma. 
2) Subdural Haematoma (SDH): is blood accumulation between the dura mater and 
the arachniod matter. 
3) Subarachnoid Haematoma: is haemorrhage between the arachnoid matter and 
the pia mater. 
 
 
 
Figure 7     Some types of brain trauma. (from Peterson (2006).) 
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Brain traumatic injuries are focal or diffuse. Focal injuries occur at a small area of 
the brain and are called contusion. It is bruising of a part of the brain due to contact 
forces. This may occur at the site of the impact (coup site), at the opposite site of the 
impact (contrecoup site) or somewhere between coup and contrecoup sites. Diffuse 
injuries affect a large volume of the brain especially the neural axons of the white 
matter. Diffuse injuries have two types: 
1) Concussion: it is also called mild traumatic brain injury (MTBI), which results 
in temporarily impairment of body operations, such as unconsciousness. 
2) Diffuse Axonal Injury (DAI): it is the severe form of concussion, which 
includes disruption of neural axons and consequently fatality or need for long-term 
rehabilitation. 
2.4 Intracranial injury mechanisms 
King (2000) has classified the major injury mechanisms of the head into positive 
pressure, negative pressure and shear stress. Positive pressure occurs at the coup site. 
It may contuse gray matter of the brain. Negative pressure occurs at the contrecoup 
site. This pressure may contuse gray matter of the brain by tensile or compressive 
stress. The compressive stress is induced by collapse of bubbles formed in the CSF 
due to a negative pressure. Positive and negative pressures are intensified by in-
bending and out-bending of the skull, respectively in the coup and contrecoup sites.  
Injury of the white matter (concussion or DAI)  was attributed to shear by Strich 
(1961). She found that shear causes the enlargement of axons that are the main 
constituents of the white matter. Another important head injury mechanism is 
stretching or shearing of the bridging veins that drain blood from brain into the 
superior sagittal sinus. It can be caused by skull/brain relative motion and might lead 
to veins rupture (SDH). 
2.5 Tolerance to skull fracture 
Mechanisms of skull fracture which are usually used in literature are the force, 
stress or energy. McElhaney et al. (1976) quoted a 3.5 kN average load, applied by a 
flat steel striker with an approximately 2.5 mm diameter, which caused skull fracture 
in the parietal region. Aldman (1984) stated that at the temporal site of the skull if the 
loading area is less than 5 cm2 and pressure exceeds 4 MPa, depressed skull fracture is 
likely. Chaumard (1986) recorded an 11 kN force for the threshold of skull fracture 
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when they dropped cadavers so that side of the head struck a flat metal plate. 
Yoganandan et al. (1995) carried out six impact tests on cadaver heads of different 
size, age and gender. The impacts were at different locations. The overall mean values 
of the failure load and energy were 11.9 kN and 28 J, respectively. In a recent 
experimental study, a failure energy level in the range of 22–24 J was suggested for 
skull fracture under frontal impact when the skull was allowed to have one degree of 
freedom (Delye, et al., 2007). A comprehensive review on biomechanics of skull 
fracture with an emphasis on lateral impacts can be found in (Yoganandan and Pintar, 
2004). 
2.6 Intracranial injury predictors 
During the past 70 years, various measurements have been proposed for predicting 
head injury. They can be classified into two groups. The predictors of the first group 
are based on the kinematics of the head, such as its linear acceleration. Since they can 
be measured in experiments, most of studies focused on defining kinematic head 
injury predictors and determining injury thresholds related to them. Consequently, 
these predictors have been adopted by standards as head injury criteria despite their 
drawbacks, which are consequences of the fact that these predictors are founded on 
the kinematics of the head as one part disregarding its components. 
The head is made of several organs. According to the levels of biological 
organisations, the next lower level after the organ level is the tissue level (Southern, et 
al., 2008). Intracranial injury mechanisms are usually investigated at this level (as 
explained before) or even at lower levels such as the cellular level (Abolfathi, et al., 
2008, Bain and Meaney, 2000, Bain, et al., 2003). Over the past 10 years, 
development of FE models of the human head has allowed for predicting tissue level 
head injuries. For example, first principal strain and Von Mises stress in the brain are 
found to be predictors of concussion and DAI (Willinger and Baumgartner, 2003, 
Zhang, et al., 2004). One limitation of these predictors is that they cannot be measured 
directly during tests in contrast to kinematic predictors. Another drawback is that it is 
not feasible to construct such an anatomically detailed headform that facilitates 
probing these parameters in impact tests. Bosch (2006) tried to build such a headform 
but the final product was significantly complex and expensive compared to current 
headforms. 
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In this section, some of the available kinematic and tissue level head injury 
predictors and their thresholds are reviewed. 
2.6.1 Kinematic injury predictors 
Linear acceleration: principal injury mechanisms behind pure linear acceleration 
are the skull deformation, pressure wave propagation in the brain and formation of a 
pressure gradient inside the brain. These internal mechanisms are suggested to cause 
concussion, contusion (coup and/or contrecoup) and haemorrhage due to the relative 
skull/brain movement (Gurdjian, 1972). Linear acceleration can be simply measured 
in experiments or accident reconstructions, so it is feasible to use it as an injury 
predictor in standards. Table 1 presents some suggested thresholds for the peak linear 
acceleration of the head (PLA). 
 
 
Table 1     Tolerance of the human head to peak linear acceleration 
reference PLA (g) injury severity comments 
(COST327, 2001) 150 AIS 2 replication of 21 motorcycle accidents 
(COST327, 2001) 260 AIS 3 replication of 21 motorcycle accidents 
(Zhang, et al., 2004) 82 MTBI replication of 24 helmet to helmet 
collisions of football players; 50% 
probability of the injury; impact duration 
10-16 ms. 
 
 
HIC: the head injury criterion (HIC) is based on the Waye State Tolerance Curve 
(WSTC), which in turn is based on animal concussion tests and linear skull fracture of 
cadavers (Lissner, et al., 1960). This curve suggests that the longer pulse duration, the 
lower the human head tolerance to linear acceleration. The first severity index based 
on WSTC was defined by Gadd (1966). He derived an equation for this curve and set 
the injury limit to 1000: 
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|a(t)| is the resultant linear acceleration, in g unit, of the C.G. of the head versus time 
(t) and T is impact pulse duration. Later this index was modified to account for large 
accelerations in short intervals and small accelerations in long intervals, and the final 
form of the head injury criterion was published by Versace (1971) as: 
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t1 and t2 are, respectively, any starting and ending time in impact pulse duration. The 
limit of 1000 is defined as 16% probability of life threatening injury, whereas a limit 
of 3000 as 99% (Horgan, 2005). 
In contrast to PLA, HIC accounts for duration of the impact pulse. Nonetheless, it 
has some shortcomings. This criterion is not sensitive to the loading direction, while 
research has shown that the tolerance of the head to injuries is not the same when it is 
loaded in different directions (Zhang, et al., 2001). Furthermore, it does not take into 
account rotational acceleration, which is believed to cause brain injuries (Gennarelli, 
1983, Holbourn, 1943). In real accidents, there are both linear and rotational 
accelerations (King, 2000). It is also argued that HIC does not have a meaningful 
engineering dimension. Some authors have proposed to change the exponent in 
equation (2-2) from 2.5 to 2 (Newman, et al., 2000), which gives: 
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where |V|1 and |V|2 are resultant linear velocities at t1 and t2, respectively. The 
dimension of this expression is the same as that of the kinetic energy rate or power. 
This conclusion led to the definition of a new injury assessing function (HIP), which 
is explained later. Some tolerance limits of HIC are presented in Table 2. 
 
 
Table 2     Tolerance of the human head to HIC 
reference HIC injury severity comments 
(COST327, 2001) 1000 AIS 2 replication of 21 motorcycle accidents. 
(COST327, 2001) 1500 AIS 3 replication of 21 motorcycle accidents. 
(Zhang, et al., 2004) 240 MTBI replication of 24 helmet to helmet 
collisions of football players; 50% 
probability of the injury. 
 
 
Rotational Acceleration: in addition to linear acceleration of the head, its 
rotational acceleration has been given special attention as a cause of brain injury. 
Holbourn (1943) believed that rotational acceleration applied to the head, with or 
without direct impacts, results in shear and tensile strains in the brain and bridging 
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veins, which causes haematoma and DAI. He disregarded linear acceleration as an 
insignificant head injury mechanism. Gennarelli (1983) stated that the most frequent 
head traumas in motor vehicle accidents that results in either fatality or need for long-
term rehabilitation are SDH and DAI. He concluded that SDH was mainly due to 
short duration and high amplitude rotational acceleration, while DAI was mainly due 
to long duration and low amplitude rotational acceleration. Margulies and Thibault 
(1992) found that the onset of DAI was a combination of a 10 krad/s2  rotational 
acceleration and a 100 rad/s maximum change in rotational velocity. Ueno and 
Melvin (1995) showed that if translational and rotational motions were combined, the 
above limit had to be decreased. Table 3 presents some tolerance limits of the peak 
rotational acceleration (PRA) cited in the literature. 
 
 
Table 3     Tolerance of the human head to rotational acceleration 
Reference PRA (krad/s2) injury severity Comments 
(COST327, 2001) 8 AIS 2 replication of 21 motorcycle 
accidents. 
(COST327, 2001) 19 AIS 3 replication of 21 motorcycle 
accidents. 
(Zhang, et al., 
2004) 
5.9 MTBI replication of 24 helmet to helmet 
collision of football players; 50% 
probability of the injury; impact 
duration 10-30ms. 
(Margulies and 
Thibault, 1992) 
10 moderate to 
severe DAI  
when the peak change in the 
rotational velocity is more than 100 
rad/s; based on experiments on 
animals, physical models and 
simulations. 
  
 
HIP: changing the power of 2.5 in the HIC function to 2 results in a function 
whose dimension is the same as the dimension of the kinetic energy rate and better 
fits WSTC (Newman, et al., 2000a). This observation may lead to the hypothesis that 
head injury probability is correlated to the rate of the kinetic energy given to the head 
during an impact. Based on this hypothesis a new injury assessment function was 
proposed by Newman et al. (2000a), as follows: 
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where HIP is the head impact power (J), a is linear acceleration (m/s2), α is rotational 
acceleration (rad/s2) and t is time (s). The coefficients in this equation are mass (kg) 
and moments of inertia (kg.m2) of the human head. Newman et al. also proposed the 
idea of normalizing this function to give it a general form and also include the 
directional sensitivity of the brain tolerance. However, the normalizing coefficients 
were not presented due to the lack of knowledge on the sensitivity.  
Newman and co-workers (2000b) reconstructed twelve collisions between heads of 
twenty four football players by using the Hybrid III head/neck system and recorded 
linear and rotational accelerations of the head. By using the logistic regression 
analysis, it was found that an HIP of 12.8 kW corresponds to %50 probability of 
MTBI. However, they state that “no matter how powerful the HIP concept may be, it 
will not be considered a serious candidate to replace the incumbent HIC unless it can 
be shown to be better in many ways.”  
2.6.2 Tissue level head injury predictors 
Intracranial pressure: intracranial pressure has been suggested in literature as a 
mechanism of the brain contusion. In experiments on cadavers, animals and physical 
models under impact loading (reviewed by Horgan (2005)), it was found that there 
was a pressure gradient inside the cranial cavity. It was positive at the coup site and 
negative at the contrecoup site. These observations led to the conclusion that change 
in intracranial pressure during impact pulse plays an important role in cerebral 
contusions and concussion. Table 4 presents some proposed limits for intracranial 
pressure (ICP). 
 
Table 4     Tolerance of the human head to intracranial pressure 
reference ICP 
(kPa) 
injury severity comments 
(COST327, 2001) 200 AIS 2 FEA of 21 motorcycle accidents. 
(COST327, 2001) 320 AIS 3 FEA of 21 motorcycle accidents. 
(Ward, et al., 1980) 173 minor or no 
injury 
based on an analytical-experimental 
investigation of the impact response of 
animal heads; impact duration 1-10ms. 
(Ward, et al., 1980) 235 serious based on an analytical-experimental 
investigation of the impact response of 
animal heads; impact duration 1-10ms. 
(Kleiven, 2007) 65.8 MTBI in the gray matter of the brain; FEA of 58 
football player collision cases. 
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Shear stress: the concept of cerebral injury due to shear stress was postulated by 
Strich (1961), who observed retraction balls along injured axons of the white matter 
of the brain and attributed it to shear. Zhang et al. (2004) suggested a threshold for 
MTBI by replicating 24 concussion cases of football player accidents, which is 
presented in Table 5 along with the findings of another research. 
 
 
Table 5     Human head tolerance to shear stress 
reference shear stress (kPa) injury severity comments 
(Kang, et al., 1997) 11-16.5 brain injury FEA of some motorcycle 
accidents. 
(Zhang, et al., 2004) 7.5 MTBI at brain stem; FEA of 24 
football player collision cases. 
 
 
Strain, strain rate and their product: strain is a tissue level injury predictor that 
can be measured in vitro or, even in vivo. For instance, Bain and Meaney (2000) 
measured a Lagrangian strain-based threshold for morphological damage to axons of 
the white matter. The rate of first principal strain was first introduced by Zhang et al. 
(2003) as a head injury predictor in the tissue level. They also introduced the product 
of this strain and its rate as another tissue level predictor. Table 6 to Table 8 present 
head injury tolerances with respect to these predictors. 
 
 
Table 6     Human head tolerance to strain 
reference strain injury severity comments 
(Bain and Meaney, 
2000) 
0.21 functional injury Lagrangian strain; dynamically 
stretching the right optic nerve of an 
adult male guinea pig. 
(Kleiven, 2007) 0.21 MTBI 1st principal strain in corpus callosum; 
from FEA of 58 football player collision 
cases. 
(Kleiven, 2007) 0.26 MTBI 1st principal strain in the gray matter; 
from FEA of 58 football player collision 
cases. 
 
 
Table 7     Human head tolerance to strain rate 
reference strain rate 
(1/s) 
injury severity comments 
(Zhang, et al., 
2003) 
60 MTBI 1st principal strain in the midbrain; from 
FEA of 53 football player collision 
cases. 
(Kleiven, 2007) 48.5 MTBI 1st principal strain in the gray matter; 
from FEA of 58 football player collision 
cases. 
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Table 8     Human head tolerance to product of strain and strain rate 
reference strain×strain 
rate (1/s) 
injury 
severity 
comments 
(Zhang, et al., 
2003) 
19 MTBI 1st principal strain in the midbrain; from 
FEA of 53 football player collision cases. 
(Kleiven, 2007) 10.1 MTBI 1st principal strain in the gray matter; from 
FEA of 58 football player collision cases. 
 
 
 Von Mises stress and strain energy: Von Mises stress was suggested by 
Willinger and Baumgartner (2003) as another tissue level injury predictor. This 
quantity is measurable with the aid of numerical models of the head, especially FE 
models. Table 9 gives the tolerance of the human head to maximum Von Mises stress 
in the brain. By replicating 64 real world accidents using an FE model of the human 
head, Willinger and Baumgartner found that internal energy in the CSF layer is a 
suitable predictor for SDH. By using the logistic regression method, they found that a 
5.4 J strain energy of the CSF layer corresponds to 50% risk of SDH (Willinger and 
Baumgartner, 2003). 
 
 
Table 9     Human head tolerance to Von Mises stress 
Reference Von Mises Stress (kPa) injury severity comments 
(Willinger and 
Baumgartner, 2003) 
18 mild DAI FEA of 64 head impacts. 
(Willinger and 
Baumgartner, 2003) 
38 severe DAI FEA of 64 head impacts. 
 
(Kleiven, 2007) 8.4 MTBI in corpus callosum; FEA 
of 58 football player 
collision cases. 
 
 
2.6.3 Head kinematics vs. head response 
King and co-workers (2003) believe that attention should be changed from injury 
mechanisms based on the kinematics of the head to those based on the response of 
head tissues. They argued that safety standards were developed when only linear 
acceleration could be measured. On the other hand, some other researchers focused on 
pure rotational acceleration. These attempts led to focus on linear and rotational 
accelerations as the only causes of head injury. The researchers failed to study other 
parameters due to this struggle or lack of experimental and numerical facilities. 
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2.7 FE models of the human head 
Virtual modelling, with the aid of the FE method, is a powerful and indispensible 
approach to biomechanics of the human head. Most of the tissue level injury 
predictors, introduced in previous sections, were obtained by replicating real world 
accidents with validated FE models of the human head. In this section, main steps in 
building these models are described briefly. The validation and calibration processes 
are also introduced and some new ideas for improving current FE head models are 
proposed. 
During the past decade, several three-dimensional FE models of the human head 
have been developed. Some of them are briefly introduced in Table 10. Raul et al. 
(2008) has reviewed main features of these models and some other FE models of the 
human head. 
 
 
Table 10   Some FE models of the human head 
head model abbreviation number of elements 
(approx.)1 
reference 
Strasbourg University 
FE head model 
SUFEHM 15000 (Kang, et al., 1997) 
Wayne State 
University brain injury 
model 
WSUBIM 314000 (Zhang, et al., 2001) 
University College 
Dublin brain trauma 
model 
UCDBTM 50000 (Horgan, 2005) 
KTH head model KTHHM 21000 (Kleiven, 2007) 
University of Illinois 
head trauma model  
UIHTM 1100000 (Chen and Ostoja-Starzewski, 
2010) 
1
 It includes solid elements, with three degrees of freedom (dof), and shell elements, with six 
dof. 
 
 
The starting point for developing an FE model of the head is creating its geometry 
from for instance CT (Computed Tomography) data. With the aid of suitable 
software, geometry is refined and prepared for mesh generation. Mesh generation on 
some parts of the head, in particular the brain and CSF, is one of the most difficult 
tasks in the whole process owing to their complex geometries. Although tetrahedral 
elements can match complex geometries easily, they might lead to a stiff response due 
to the nearly incompressible properties of the brain and CSF. Therefore, one 
integration point hexahedral element is probably the best candidate for meshing the 
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brain and CSF. However, suitable hourglass controls should be set in the software, 
and the hourglass energy should be monitored during simulations. 
Selection of a suitable constitutive law for the brain is very important. Usually, a 
constitutive law developed for engineering materials is used for the brain tissue. The 
pertinent constants of material models are obtained from curve fitting to the results of 
mechanical testing on samples harvested from the human or primate brain. For 
instance, Kleiven (2007) used the Ogden model for the brain. This model has been 
developed for the prediction of the hyper-elastic behaviour of rubbers (Dorfmann and 
Ogden, 2003, Ogden, 1972, Ogden and Roxburgh, 1999). The constants of the model 
were extracted from curve fitting to the experimental data obtained by Franceschini 
(2006), who carried out some cyclic quasti-static tests on samples harvested from the 
human brain. 
An important step after developing an FE head model is validation. There are some 
well documented cadaveric experiments, which are usually used to validate FE head 
models. Among them, the Nahum experiment (Nahum, et al., 1977) is often simulated 
to compare intracranial pressures at several locations in the CSF with experimental 
data. To investigate skull deformation and fracture, the Yoganandan experiment 
(Yoganandan, et al., 1995) is usually simulated. These cadaveric experiments are 
described in appendix C, where the whole process of transferring the SUFEHM from 
Radioss format to LS-DYNA format and validation is explained. 
 
 
 
Figure 8     Plot of the probability of severe neurological injury (DAI) vs. brain Von Mises stress. 
(from Deck and Willinger (2008).) 
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A validated FE head model should be calibrated before it can be used to estimate 
the probability of tissue level injuries. It is used to simulate a series of accidents, for 
which injured and not injured cases with respect to a particular type of head trauma is 
known. Several elemental outputs, such as Von Mises stress, first principal strain and 
strain rate, are extracted and examined in order to find the parameter that has the 
strongest statistical correlation with the trauma. In Figure 8, the risk of severe DAI is 
plotted vs. maximum Von Mises stress in the brain. Stresses were found through 
simulating 68 real world head impacts including motor sport, motorcyclists, football 
players and pedestrian accidents (Deck and Willinger, 2008). The injured cases were 
assigned a value of 1 and not injured cases 0. Using the logistic regression method, a 
smooth solid curve was passed through these points, which indicated the probability 
of injury at each stress. For instance, a Von Mises stress of 33 kPa corresponded to a 
50% probability of severe DAI. 
 Further improvement to FE models of the human head and pertinent injury 
predictors is possible by studying how the tissue level loads and deformations are 
transformed to the cellular components of the central nervous system (CNS) white 
matter and which level of load or deformation injures these components. This is a 
multi-scale approach focusing on tissue and cell levels. The CNS is composed of 
myelinated axons, a supporting glial cell network, and an innervating vascular system. 
Damage to the axons and glial cells in the white matter is a nearly universal feature of 
traumatic injury (Bain, et al., 2003).  
There are a few studies on the relation between the tissue level mechanics of the 
CNS white matter and the microstructural behaviour of its constituents (Abolfathi, et 
al., 2008, Bain, et al., 2003, Meaney, 2003). In a recent study, Abolfathi et al. used the 
FE method to analyse the brain white matter by the principles of micromechanics 
(Abolfathi, et al., 2008).  A representative volume element (RVE) comprised of one 
axon and the extracellular matrix (myelin) was chosen. A linear viscoelastic 
constitutive law, whose constants were obtained from the results of an experimental 
study on the brainstem by Arbogast and Margulies (Arbogast and Margulies, 1999), 
was assigned to the constituents. Assuming also a linear viscoelastic constitutive law 
for the white matter tissue, its constants were extracted by applying six load cases to 
the RVE. They showed that the material properties of the white matter tissue are 
dependent on the direction of axons, a result similar to the experimental investigations 
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of Franceschini  (2006). However, their study had some drawbacks. Due to the lack of 
information on the material properties of other parts of the CNS, the brainstem was 
modelled. In addition, the applied strain levels (0.6%) were far below the injury 
threshold of white matter tissue, 21% reported by Bain and Meaney (2000). 
For future, micromechanical analyses on the CNS white matter tissue should be 
performed by using an increased strain level. Probably, a series of tests need to be 
carried out on samples cultured from animal brains to validate numerical solutions. 
The final aim of such a study should be to find injury predictors and stress-strain 
relations for the CNS white matter which are suitable for employment in FE models 
of the human head, e.g. SUFEHM. 
2.8 Conclusions 
In this chapter, the impact biomechanics of the human head was reviewed. It was 
shown that there are different types of head injury and several mechanisms have been 
proposed for them. Injury mechanisms based on the kinematics of the head cannot 
distinguish between the injury types in contrast to tissue level injury mechanisms.  
Most of kinematic injury predictors are a function of either linear or rotational 
acceleration of the head, while both accelerations are important cause of head injury. 
Nonetheless, they are adopted by standards since there has been much research on 
them and they are easily measurable. 
Tissue level injury predictors can be evaluated by employing validated and 
calibrated FE models of the human head. They are superior to kinematic predictors 
because they do not have drawbacks such as lack of directional sensitivity and being 
based on pure translation or pure rotation of the head. Further improvements to FE 
models of the human head and tissue level injury predictors are possible through 
exploring the relation between the mechanical properties of brain tissues and their 
constituents at the cell level. 
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3 Helmet Standards 
 
 
3.1 Introduction 
Helmet standards have a number of mechanical, optical and chemical tests, which 
aim to assess the performance of the components of a helmet in various operating 
conditions. One of them is the impact absorption test, which is the subject of this 
thesis. In this section, the impact absorption test of the UNECE 22.05 standard is 
described and compared with the method prescribed by other well-known standards. 
In addition, some studies and criticisms about its specifications are cited. A more 
comprehensive comparison can be found in (Ghajari, et al., 2008). 
3.2 Impact absorption test of UNECE 22.05 
The United Nation’s regulation on the construction of motorcycle helmets in the 
United Nations Economic Commission for Europe (UNECE) is the regulation No. 22 
“uniform provisions concerning the approval of protective helmets and their visors for 
drivers and passengers of motor cycles and mopeds”. Any helmet manufacturer that 
wants to sell its products in the countries that have agreed to adopt this regulation into 
their legislations (contracting parties) should obtain a type approval according to its 
prescriptions. This regulation is adopted by over 50 countries (WebBikeWorld, 2008) 
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and is probably the most widely accepted set of requirements for manufacturing 
helmets and visors in the world. The latest amendments entered into force were series 
05 (UNECE-webpage). This version of the regulation is referred to as the UNECE 
22.05 standard throughout this thesis. 
In this standard, the impact absorption capacity of a helmet is determined by 
“recording against time the acceleration imparted to a headform fitted with the 
helmet, when dropped in guided free fall at a specific impact velocity upon a fixed 
steel anvil” (UNECE22.05, 2002). Impacts shall be carried out on specific points on 
the helmet (Figure 9), which are B in the frontal area, X in either left or right lateral 
area, R in the rear area, P round the vertex of the helmet and S in the lower face cover 
area (if the helmet is closed-face). 
 
 
 
Figure 9     Identification of impact points. (from UNECE 22.05 (2002).) 
 
 
The test apparatus shall comprise of the following tools (Figure 10): 
1. Base: it shall be made of steel, concrete or both and weigh at least 500 kg. 
Natural frequencies of the base or its parts shall not influence the impact 
results. 
2. Anvils: two anvils are used in impact tests; flat and kerbstone. The flat 
anvil shall have a circular impact area with a diameter of 130 mm. The 
kerbstone anvil shall have two sides forming an angle of 105°, each of 
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them with a slope of 52.5 towards the vertical and meeting along a striking 
edge with a radius of 12 mm. The height must be at least 50 mm and the 
length not less than 125 mm. The orientation is 45° to the sagittal plane at 
points B, P, and R, and 45° to the reference plane at point X (front low, 
back up). 
3. Mobile system and the guide: the mobile system shall provide a free fall 
for helmeted headform and the guide shall be such that the impact velocity 
is not less than 95% of the theoretical velocity. The velocity can be 
measured for instance by using a timer and two laser beams. This method 
is explained in chapter 5. 
4. Accelerometers. 
 
 
 
Figure 10   Test apparatus of the UNECE 22.05 standard. 
 
 
Test headforms shall be made of metal and their resonance frequency shall not be 
less than 3000 Hz. General characteristics of headforms are given in Table 11. Size in 
this table is the circumference of a headform at its reference plane shown in Figure 9. 
The C.G. of a headform shall be near the point G on the central vertical axis, shown in 
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Figure 9, where there should be a housing for a set of three orthogonal 
accelerometers. 
 
 
Table 11   General characteristics of test headforms 
symbols size (cm) mass (kg) 
A 
E 
J 
M 
O 
50 
54 
57 
60 
62 
3.1±0.1 
4.1±0.1 
4.7±0.1 
5.6±0.1 
6.1±0.1 
 
 
The drop height shall be equal to that required to achieve an impact speed of 7.5 
m/s for both flat and kerbstone anvils and 5.5 m/s for tests at point S. During impacts, 
linear acceleration of the headform at its C.G. is recorded against time. The absorption 
efficiency is considered sufficient if the resultant linear acceleration of the headform 
does not exceed 275 g, and HIC does not exceed 2400. 
3.3 Comparison between helmet standards 
In this section, the impact absorption test method of the UNECE 22.05 standard is 
compared to the methods of four other standards: the British standard (BS6658, 
1985), the U.S.  Department of Transportation’s Federal Motor Vehicle Safety 
Standard No. 218 (FMVSS218, 1997), Snell M2010 (2010) that is issued by Snell 
Memorial Foundation and the Australia and New Zealand standard (AS/NZS1698, 
2006). 
3.3.1 Test apparatus 
The surveyed standards require that a headform equipped with a helmet hit an anvil 
after a guided fall. Their test apparatus should have all four components that were 
mentioned for UNECE 22.05, i.e. a base, anvils, a mobile system and guide and an 
accelerometer. According to Snell M2010, AS/NZS 1698, FMVSS218 and BS6658, 
the headform shall be attached to the mobile system through a ball joint. This joint 
allows for rotation and vertical translation, but constraints horizontal translations. 
Therefore, only one accelerometer is needed to record the headform linear 
acceleration. However, when testing in accordance with UNECE 22.05, the headform 
shall fall freely with no constraint.  
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Some experts believe that constraining the headform provides better repeatability 
than using a free motion headform (HIC-Workshop, 2005). Mellor et al. (2007) found 
a coefficient of variation of 0.9% for acceleration of a guided headform as compared 
to 2.3% for the free motion headform. In addition, the guided headform acceleration 
was approximately 4 g higher, which was attributed to the restricted rotation of the 
headform. Thom et al. (1998) also showed that when helmets were tested according to 
the American standard, which constraints the headform, resultant linear accelerations 
were larger than when the same helmets were tested in accordance with the UNECE 
22.04 standard. Nonetheless, Mills (2010) believes that in motorcycle accidents 
within short impact duration of 10 ms, the neck provides very little resistance to 
rotation and therefore, the method of the UNECE 22.05 is more realistic. 
The mass of the drop assembly, including the masses of the supporting arm, ball 
socket stem and headform, varies in the standards. In UNECE 22.05, BS6658 and 
AS/NZS 1698 and Snell M2010, it depends on the headform size, as indicated in 
Table 11. The previous version of the Snell standard (Snell, 2005) specified one mass 
(5 kg) to test different helmet size but it has been revised in the latest revision. In 
FMVSS218, the mass of the drop assembly can have three values: 3.5 kg (small 
headform), 5.0 kg (medium headform) and 6.1 kg (large headform). It seems that 
designers of helmet standards have assumed that the mass of the human head 
increases with its size. The circumference and mass of the “J” size headform 
presented in Table 11 are in the range of the circumference and mass of the 50th 
percentile human head 572±12 mm and 4.54±0.31 kg (Yoganandan, et al., 2009), 
respectively. The mass of the drop assembly of the medium headform of the 
American standard is close to this range. 
The geometry of headforms used in UNECE 22.05, BS6658, AS/NZS 1698 and 
Snell M2010 comply with the specifications of the ISO DIS 6220 (1983) standard. 
This standard specifies a 5 kg mass regardless of headform size. However, the above 
mentioned helmet standards use different masses for different headform size. The 
source of the geometrical specifications of FMVSS218 headforms is uncertain 
(Becker, 1998). 
Anvils used by different standards are described in Table 12. All standards use a 
flat anvil in their impact absorption test. Flat shape objects were the second frequent 
opposite objects (9%), in the COST 327 database (2001), after round objects (79%). 
This database, however, did not report the range of curvatures of round objects. There 
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are some criticisms about using a hemispherical anvil in some standard test methods. 
Gilchrist et al. (1994) argued that hemispherical anvils should be replaced with 
kerbstone anvils, because statistics show that accidents involving a hemispherical 
object are rare. COST 327 reported that edge shape objects, such as kerbstones, had a 
frequency of 4% but most serious injuries occurred for edge struck objects; 40% of all 
collisions to edge objects were AIS 5. It justifies employing kerbstone and edge anvils 
by some standards. 
 
 
Table 12   Anvils for impact absorption test of standards 
anvil ECE 22.05 Snell M2010 AS/NZS 
1698 
BS 6658 FMVSS 218 
flat D1 = 130 
mm 
D≥127 mm D≥127 mm D = 130 mm D = 127 mm 
hemispherical - R = 48 mm R = 48 mm R = 50 mm R = 48 mm 
kerbstone χ = 105° 
H ≥ 50mm 
r = 12 mm 
- χ = 90° 
H = 85 mm 
r ≤ 0.5 mm
 
- - 
edge - L = 180mm 
W = 6.3 mm 
H = 35mm 
- - - 
1
 D: diameter, R: radius, χ: vertex angle, H: height, r: fillet radius, L: length, W: width. 
 
 
3.3.2 Impact initial conditions 
Prescribed initial conditions are different in the studied standards. ECE 22.05, BS 
6658, Snell M2010 and FMVSS 218 define impact velocities but AS/NZS 1698 
defines drop heights (Table 13). Snell M2010 and BS6658 require a second impact at 
the same site, but at lower impact velocities. AS/NZS 1698 and FMVSS218 require as 
well a second impact at the same site, but initial conditions are the same as the first 
impact. Gilchrist et al. (1994) argued that the second impact prevents the optimisation 
of the liner foam density for the first impact and leads to using stiffer foams. They 
have explained that the major impact damages about 5% of the whole protecting area 
of the helmet, so there is a small probability that the second probable impact occurs 
within this area. The only standard that does not require a second impact is UNECE 
22.05. 
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Table 13   Impact initial conditions of different standards 
anvil impact ECE 
22.05 
Snell M2005 AS/NZS 
1698 
BS 6658 
(Type B1) 
FMVSS 
218 
1st 7.5 m/s 7.75 m/s 1830 mm 6.5 m/s 6 m/s flat 
2nd - A-E: 7.09 m/s 
J: 6.78 m/s 
M: 5.73 m/s 
O: 5.02 m/s 
1830 mm 4.6 m/s 6 m/s 
1st - 1385 mm 6 m/s 5.2 m/s hemispherical 
2nd - 
the same as 
flat anvil 1385 mm 4.3 m/s 5.2 m/s 
kerbstone 1st 7.5 m/s 7.75 m/s - - - 
1
 BS 6658 has two types of assessment: Type A which is for users who demand an especially   
high degree of protection and Type B which is suitable for ordinary motorcycle riders on 
public roads. 
 
 
In the COST project, the impact velocity of the rider’s head was measured from the 
impact speed of the motorcycle, kinematics of the motorcyclist during accident and 
position of the body with respect to the struck object before the impact. It was found 
that head injury severity increased when the head impact velocity increased (Figure 
11). The median speed (50% cumulative speed) was 18 km/h (5 m/s) for AIS 1, 50 
km/h (13.9 m/s) for AIS 2-4 and 57 km/h (15.8 m/s) for AIS 5/6. In total, the median 
speed was 44 km/h (12.2 m/s). The impact speed of the UNECE 22.05 standard 
corresponds to 20% cumulative speed for AIS 2-4 and 15% cumulative speed for AIS 
5/6. An increase in the 20% cumulative speed from 7.5 m/s to 9.5 m/s changes the 
head injury severity from AIS 2-4 to AIS 5/6, which is equivalent to saving of about 
1000 lives per year in Europe. However, this increase in the impact speed is equal to a 
60% increase in the kinetic energy. The kinetic energy of impact absorption tests, 
which is the test severity, necessarily determines the thickness of the helmet liner and 
thus its external dimensions. People will often refuse wearing big helmets because 
they are not aesthetically pleasing. In the final proposal of COST for an improved test 
method, an impact speed of 8.5 m/s was specified. 
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Figure 11   Head AIS vs. head impact speed. (from COST 327 (2001).) 
 
 
3.3.3 Impact points 
In contrast to UNECE 22.05, which completely defines impact points, the other 
four standards do not define specific impact points. In Snell M2010, impact points 
shall be on or above a test line but they shall be 120 mm distant or more. AS/NZS 
1698 and FMVSS218 also define a test line and require the impact points to be on or 
above it. According to the BS 6658 standard, a helmet should be tested at three impact 
points. They should be located at the rear or side, front and any other site above a 
defined line. These standards vis-à-vis UNECE 22.05 leave some discretion to the 
helmet tester regarding the impact point selection. Hence, the tester can investigate 
the potential weaknesses of helmets. 
Among important outputs of the reconstruction study within the COST project 
were body and head impact angles in 95 motorcycle accidents. The body impact angle 
is the angle between the anatomical axis of the body and the tangent line of the 
opponent object, e.g. the road surface (Figure 12). The location of the impact point on 
the head is defined by the XY and XZ impact angles shown in Figure 12. In an axial 
plane, the nose points to a 0° XY impact angle. Viewing the head from top, this angle 
is positive in the clockwise direction. The XZ impact angle is the angle between a 
horizontal plane through the head and the impact direction.  
 
 
50 
Figure 12   Body impact angle (left) and head impact angle (right). (from COST327 (2001)). 
 
 
 
Figure 13   Distribution of body impact angle and head impact angles of AIS 2+ in 95 motorcycle 
accidents. Figures were generated based on data presented in (COST327, 2001). 
 
 
Distributions of the body and head impact angles among 95 motorcyclists are 
shown in Figure 13. This figure indicates that most of severe head injuries occurred in 
shallow body impact angles. In addition, 26% of impacts were perpendicular to the 
head axis. The XY impact angle was -45° to +45° for 64% of impacts. As can be seen, 
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the head was impacted at different sites even though the frequency of impacts at some 
sites was considerably higher. It seems that standards have chosen impact sites so that 
the majority of the helmet area is subjected to impact. 
Another output of COST was the location of the impact on the helmet, which was 
found from damaged areas on the helmets. The frequency of the damaged locations 
were 26.9% lateral right, 26.3% lateral left, 23.6% frontal and 21.0% rear. The least 
frequent impact area was crown with 2.2% occurrence. One of the criticisms about 
UNECE 22.05 is that it specifies an impact point at the crown site (point P), while the 
frequency of impacts at this point is very low. 
3.3.4 Impact output and approval limit 
The studied standards employ the same impact output in their impact absorption 
test procedure, which is resultant linear acceleration of the headform or the support 
assembly versus time. However, their criteria and relevant limits are different, as can 
be seen in Table 14. Some experts believe that adopting a higher limit for PLA will 
result in stiffer helmets, which may prevent fatal injuries but foster more common but 
less severe injuries (HIC-Workshop, 2005). The dwell time at an acceleration level 
defined in the AS/NZS 1698 and FMVSS218 standards reflects the concept of the 
Wayne State University curve: the tolerance of the human head to linear acceleration 
decreases at longer dwell times. Despite the fact that HIC is based on this curve, there 
is a huge debate about its suitability for helmet standards (HIC-Workshop, 2005). In 
addition, it has a high limit in the UNECE 22.05 standard, which lets currently 
available helmets pass the test. The HIC limit for AIS 3 head injuries was found to be 
1500 (COST327, 2001).  
 
 
Table 14   Test criteria and their limits of some helmet standards 
 UNECE 
22.05 
Snell M2010 AS/NZS 
1698 
BS6658 FMVSS 218 
criterion 1 PLA ≤ 275 g A-J:  PLA ≤ 
275 g 
M: PLA ≤ 264 g 
O: PLA ≤ 243 g 
PLA ≤ 300 g PLA ≤ 300 g PLA ≤ 400 g 
criterion 2 HIC ≤ 2400 - 3 ms at 200 g - 2 ms at 200 g 
criterion 3 - - 6 ms at 150 g - 4 ms at 150g 
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3.4 Impact absorption test in literature 
The comparison between some well-known standards in the previous sections 
revealed that they follow almost the same procedure for assessing the impact 
absorption capability of helmets, i.e. dropping a helmeted detached headform onto an 
anvil and measuring linear acceleration of the headform. This test method was 
devised more than forty years ago (Becker, 1998). Investigations have shown that it is 
possible to improve this test method in order to define better guidelines to helmet 
designers and subsequently mitigate accident injuries (COST327, 2001). However, 
only a few studies of this type were found in literature and probably this is one of the 
reasons that standards have not adopted their suggestions yet. This section reviews 
some of these studies. 
3.4.1 COST 327 
One important part of COST 327 was examining helmet test methods and 
developing new, more appropriate test procedures. In particular, the impact absorption 
test was investigated experimentally with an emphasis on rotational acceleration of 
the head and the effect of the body on linear and rotational head accelerations. These 
experiments are described below. 
3.4.1.1 Headform oblique impact tests 
Rotational acceleration of the head in drop tests was studied through dropping 
some helmeted Hybrid II headforms onto a flat anvil inclined at 15° to the vertical and 
covered with an abrasive paper according to the oblique impact test of the British 
standard (BS6658, 1985). Halldin et al. (2001) believe that the main purpose of this 
standard test is to insure that the tangential force on the helmet shell, when it impacts 
a rough flat surface, is not larger than the shear resistance capability of typical shell 
materials used in 1985 (the year of including the test in the standard). This test 
method, however, was used by COST to find a possible correlation between the 
rotational acceleration of the headform and the tangential force applied on the anvil. 
Four types of helmets, with different shell materials (thermoplastic and composite), 
liner densities and masses, were tested at impact speeds ranging from 6 to 12 m/s. 
Linear and rotational accelerations of the head and the tangential force on the anvil 
were measured. The mean values of peak rotational acceleration varied between 2.5 
krad/s2 and 8.5 krad/s2 and those of peak tangential forces varied between 0.8 kN and 
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2.5 kN. Linear regression analysis showed a strong correlation between the peak 
values of rotational acceleration and the tangential force. Mills et al. (2009) argued 
that this finding is for a single impact site and low normal component of the impact 
velocity (VN  ≤ 2.5 m/s). They showed that for more severe oblique impacts with VN ≥ 
5 m/s and at a range of sites, the correlation between the peak headform rotational 
acceleration and the tangential force is poor. 
The peak linear accelerations were small and ranged from 22 g to 104 g depending 
on the impact velocity. By plotting the peak linear acceleration of the headform vs. 
VN, collected from not only COST oblique impact study but also (Aare, et al., 2004, 
Zellmer, 1993), Mills (2010) demonstrated that the peak resultant linear acceleration 
of the headform is a linear function of VN. 
3.4.1.2 Dummy drop Tests 
In order to investigate the influence of the body, attached through the neck to the 
head, on linear and rotational accelerations experienced by the head, two sets of tests 
were carried out: 
1) Hybrid III dummy drop tests onto a flat anvil and onto the oblique abrasive 
anvil; 
2) Hybrid III headform drop tests onto the flat anvil. 
The drop tests were carried out at three different impact velocities, reported in Table 
15. They were chosen to simulate realistic impact conditions and to limit the risk of 
severe damage to the dummy. The orientation of the headform, impact points and 
impact velocities of the Hybrid III headform drop tests were the same as those of the 
dummy drop tests, presented in Table 15. During impacts, linear and rotational 
accelerations of the head and normal and tangential forces at the anvil were measured. 
The results of the oblique impact tests with the dummy were compared to the 
results obtained in the same test but by using the Hybrid II headform, explained in the 
previous section. It was found that for the same impact velocity, linear and rotational 
accelerations of the head and the tangential force on the anvil were greater for the 
dummy drop tests. The differences were attributed to the inertia of the body acting on 
the head through the neck. It was concluded that in order to assess rotational 
acceleration, falling headform tests should be performed at a slightly greater velocity 
than equivalent dummy drop tests. 
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Table 15   Summary of the Hybrid III dummy test programme of COST 327 (2001) 
impact velocity (m/s) anvil body impact angle impact point 
4.4, 5.2, 6.0 flat 30° frontal (B) 
4.4, 5.2, 6.0 flat 90° parietal (P) 
4.4, 5.2, 6.0 flat 0° occipital (R) 
4.4, 5.2, 6.0 oblique 0° lateral (BS 6658) 
 
 
Comparison between the results of dummy and headform drop tests onto the flat 
anvil further revealed the influence of the body on the impact response of the head; 
linear and rotational accelerations of the head and HIC were lower for dummy drop 
tests in B/30° and R/0° impact configurations. The frequency of impacts at the crown 
site of the helmet was reported 2.2%; therefore, the P/90° impact configuration is 
disregarded in this discussion. 
One limitation of this study was using a Hybrid III dummy as the human body 
surrogate, while this dummy has a very stiff neck compared to the human neck when 
it is subjected to axial compression loading (Herbst, et al., 1998). Moreover, the 
crushing distance of the helmet liner was not reported and compared between dummy 
and headform drop tests. There is a possibility that in full-body tests the liner crushing 
distance increases and therefore, it is underestimated by using a detached headform in 
helmet standards. Hence, it is extremely important to determine the influence of the 
body on this impact output parameter. 
3.4.2 Other studies 
Another set of experiments similar to the COST’s was carried out by Aldman et al. 
(Aldman, et al., 1976, Aldman, et al., 1978a, Aldman, et al., 1978b). They dropped a 
helmeted Ogle-Opat dummy onto a surface made of asphalt concrete at 4.4 m/s and 
5.2 m/s initial vertical velocities. In addition to a vertical velocity, they applied a 
horizontal velocity to the dummy in the range of 8 m/s to 9 m/s. Comparison of their 
results with COST showed good agreement with respect to linear acceleration 
(COST327, 2001). However, the rotational acceleration was much higher in the 
former tests, which was attributed to the relatively large horizontal velocity. 
In an attempt to study the performance of helmets in more realistic test conditions, 
an Ogle OPAT dummy was supported at its torso and the side of its helmeted head 
was impacted with a flat striker (Gilchrist and Mills, 1996). The dummy’s neck was 
replaced with a more flexible neck made of plates connected with pins. The angular 
stiffness of the new neck was 0.53 Nm/degree, which was approximately 10 times 
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lower than the stiffness of the Hybrid III neck. It was found that the peak striker force 
was 10% higher than the product of the peak resultant linear acceleration and mass of 
the head. It was attributed to the head/torso coupling through the neck. One drawback 
of this study was hitting a still headform with a striker, which almost never occurs in 
real world motorcycle accidents. In addition, only the side impact with a zero degree 
body impact angle was performed, while accidents occur at various body impact 
angles. 
Halldin et al. (2001) constructed a test rig which was a modified version of the 
oblique impact test apparatus (type B) of the British standard. A helmeted headform 
was dropped, in a guided free fall, on a moving plate covered with an abrasive paper 
(Figure 14). Linear acceleration of the head and one component of the rotational 
velocity were recorded. With this test set up, they investigated the effect of inserting a 
low friction layer between the foam and the liner of a helmet on the angular 
acceleration transferred to the head. Aare (2003) used this test rig to subject helmets 
to oblique impacts. A modified head of the Hybrid III dummy was equipped with 
enough accelerometers to measure its linear and rotational accelerations. However, 
similar to Halldin et al. (2001), he used this test facility to study new ideas for helmet 
design rather than investigating impact absorption test of standards. 
 
 
 
Figure 14   Test rig for oblique impact testing. (from Haldin et al. (2001).) 
 
 
Using the KTHHM, Aare et al. (2004) tried to find a relation between strain of the 
brain tissues and the kinematics of the headform. Presuming strain within the brain as 
the cause of DAI, they sought to correlate the maximum principal strain in the brain to 
the peak resultant change of the rotational velocity (∆ω) and HIC of the head through 
the following relation: 
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HICkk 21 +∆= ωε  (3-1) 
 
where k1 and k2 are constants. The strain in the brain was obtained from simulating 
oblique impacts of a helmet in the aforementioned test rig using the KTHHM, 
whereas the rotational velocity and HIC were extracted from simulating oblique 
impacts of the same helmet fitted onto an FE model of the Hybrid III headform. 
Figure 15 shows the three impact configurations assumed by Aare and his co-
workers. They considered 3, 5, 7 and 9 m/s for the vertical component of the impact 
velocity. The velocity of the sliding plate varied from 0 to 57.7% of the vertical 
component. Using least square regression analysis, the constants of eq. (3-1) were 
found for each impact configuration. It was concluded that HIC is more important 
when the head rotates in the axial and coronal planes. It is probably the only existing 
study which has tried to find a quantitative relation between tissue level and kinematic 
injury predictors. However, the results depend on the employed FE model of the head.  
 
 
 
rotation in sagittal plane rotation in axial plane rotation in coronal plane 
   
Figure 15   Configurations of oblique impact simulations. (from Aare et al. (2004).) 
 
 
3.5 Conclusions 
In this chapter, the impact absorption test of the UNECE 22.05 standard was 
described and compared with four other well-known standards. It has been shown that 
helmet standards prescribe the same methods for assessing the impact absorption 
capability of helmets; a helmet positioned onto a detached headform is dropped onto 
an anvil and linear acceleration of the headform versus time is measured. However, 
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their details are different, which can affect the design of helmets and the level of 
safety that they offer. 
There are some common important features in the helmet standards. Among them 
is employing a detached headform; it seems that designers of helmet standards have 
presumed that the influence of the rest of the body on the impact responses of the 
head and helmet is negligible. COST 327 was the most recent and complete study on 
this issue amid few studies which were found in literature. However, this study has 
obvious drawbacks and therefore, there remains a crucial question about possible risks 
that current standards have taken upon excluding the rest of the body, or its effect, in 
their impact absorption tests. 
The studied standards have adopted pass/fail criteria that are based on linear 
acceleration of the head. As it was explained in the previous chapter, the underlying 
head injury mechanisms are dependent on the complete kinematics of the head, which 
includes its rotational acceleration as well as linear acceleration. Some researchers 
have suggested recording linear and rotational accelerations of the headform in impact 
tests and using them to drive FE models of the human head, and finally extract tissue 
level injury predictors (Deck and Willinger, 2008). 
3.6 Publications 
The work presented in this chapter resulted in the following publication: 
 
1. Ghajari, M., Caserta, G. D., and Galvanetto, U., Comparison of safety 
helmet testing standards. MYMOSA EU research training network, Report 
no. WP3.1, 2008. 
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4 Helmet FE Modelling 
 
 
4.1 Introduction 
Motorcycle helmet models have improved considerably during the past two 
decades. Lumped parameter models were probably the simplest models proposed to 
predict the impact response of motorcycle helmets. Gilchrist and Mills (1994) 
developed a one-dimensional lumped parameter model composed of four masses 
representing the shell and the liner of a helmet, a headform and a rigid striker, which 
were connected together with springs and dampers. They had to carry out impact tests 
on the helmet to determine constants of the model relating to the shell. Alternatively, 
Willinger et al. (2000) used the modal analysis method to determine these constants 
but they also had to test the helmet. Therefore, one drawback of these models is the 
fact that they can be developed only for helmets which are available for testing and 
therefore have limited predictive capabilities. Another drawback of these models is 
the limited information that they provide compared to FE models. Consequently, their 
application is restricted. 
FE models are capable of predicting very complicated mechanical phenomena that 
occur during helmet impacts, such as material non-linearity, large deformation and 
contact. This capability has made them indispensible to helmet modelling. Among the 
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first helmet FE models was the model of an open-face helmet developed by Yettram 
et al. (1994). It was used to study the influence of the material properties of the foam 
and shell on the head acceleration but only impacts at the crown site were simulated. 
Later, a more advanced model was developed to study the fit effect of helmets 
(Chang, et al., 2001) and the protective capability of the chin bar of full-face helmets 
(Chang, et al., 2000). In that model, contact elements were inserted at the head/liner 
interface and the shell and liner were connected through common nodes. Different 
materials were considered for the shell, including the ABS (acrylonitrile butadiene 
styrene copolymer), PC (polycarbonate) and a glass fibre reinforced polymer. A 
bilinear kinematic hardening plasticity material model was used for the shell, even 
when it was made of a composite material. The helmet model with an ABS shell was 
validated against drop tests onto a flat anvil at the crown, side and rear sites. 
Composite materials have a significant number of failure modes, which probably is 
the reason that composite shells are able to absorb a greater portion of the impact 
energy compared to conventional thermoplastic shells. Hence, a suitable material 
model should be used for them in FE models. In a paper by Kostopoulos et al. (2002), 
the impact response of a composite shell helmet dropped onto a hemispherical anvil at 
the crown site was studied by using the FE method. One important feature of their 
model was simulating delamination. Adjacent nodes of the shell layers were tied 
together until the interaction stresses satisfied a quadratic delamination condition. 
They also implemented three failure modes for the woven fabric layer of the shell: 
fibre tensile, matrix tensile and matrix compressive failure. This model, however, was 
not validated against experiments. 
Another attempt to model a composite shell helmet was made by Aiello et al. 
(2007). They used the FE method to model a commercially available helmet and 
validated it against experimental drop test results. Nonetheless, the failure modes 
assumed for the shell were not described properly. In addition, the sensitivity of the 
results to mesh size and type of elements were not addressed. Cernicchi et al. (2008) 
investigated the mesh sensitivity issue but they used an elastic-plastic material model 
for the shell. They developed an FE model of a commercially available composite 
shell helmet. The model gave acceptable predictions of experimental drop test results. 
In this chapter, the FE modelling of a commercially available helmet is described. 
This helmet is used in the following chapters to simulate full-body drop tests (in order 
to study the influence of the body on head and helmet impact responses in helmet 
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drop tests). A major portion of the shell through its thickness is made of a hybrid 
composite. Characterisation of this material and its FE modelling are discussed here. 
The sensitivity of the impact results to size of the shell elements is addressed by using 
a proper material model for the shell, and experimental drop tests are simulated in 
order to validate the model. 
4.2 Methodology 
A recently designed helmet, which is called AGV-T2 in this thesis, was provided 
by Dainsese S.p.A. (within the EU MYMOSA network) for full-body drop tests using 
the Hybrid III dummy (explained in the next chapter). Size of the helmet was 57-58 
cm. In spite of belonging to the AGV racers’ range, this helmet is representative of a 
number of commercially available helmets, which have a composite shell and a liner 
made of EPS. In addition, the high energy absorption capacity of the helmet reduced 
the risk of damaging the dummy in drop tests. 
The AGV-T2 helmet has a protective padding or liner, shell, chin strap, comfort 
padding and visor. The liner is composed of the main foam, top foam, cheek foam and 
chin foam (foam parts). The liner and the shell are the components that absorb the 
impact energy. They were modelled as well as the chin strap. By contrast, the visor 
and comfort padding do not contribute to energy absorption and therefore they were 
not modelled. 
4.2.1 Material properties of foam parts 
The foam parts of the helmet are made of EPS. EPS belongs to the category of 
closed-cell polymeric foams that collapse plastically when compressed beyond their 
elastic regime. Therefore, three regimes are distinguishable in its compressive stress-
strain characteristic curve as shown in Figure 16. The first regime, which is linear 
elastic and more extended (up to 5% strain) compared to metals, is characterized by 
Young’s modulus (E) and the Poisson ratio (ν). Young’s modulus of EPS is a function 
of its relative density as (Gibson and Ashby, 1999): 
 
BRARE += 2  (4-1) 
 
where A and B are material constants and R is the foam relative density defined as the 
foam density divided by the solid polymer density. By curve fitting to the results of 
compressive loading of EPS samples with different densities, the material constants A 
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= 6640 MPa and B = 25.8 MPa were found (Cernicchi, et al., 2008). The Poisson ratio 
does not have a significant relation with the relative density. An investigation of the 
crushable foam material model of LS-DYNA (Hallquist, 2007), which was used for 
the foam parts, revealed that under a compressive load the Poisson ratio remains 
effective even beyond the elastic regime, while EPS does not deform laterally beyond 
this regime. Since the elastic regime is negligible compared to the plateau regime, this 
constant was set to a very small value (0.01). 
 
 
 
Figure 16   Typical engineering stress-engineering strain curve of EPS under compressive 
loading. 
 
 
The plastic collapse of cells comprising the foam results in the long plateau of the 
curve depicted in Figure 16 (region II). This part of the curve can be fitted with: 
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where σ and ε are the compressive engineering stress and strain (Mills and Gilchrist, 
2008). σy is the yield stress and p0 is the initial gas pressure, which is usually equal to 
the atmospheric pressure (0.1 MPa). Experimental investigations have shown that the 
yield stress can be described with (Gilchrist and Mills, 1994): 
 
5.1CRy =σ  (4-3) 
 
where C is a material constant. Cernicchi et al. (2008) extracted this constant through 
curve fitting to the results of dynamic tests on EPS foams with various densities, 
conducted by Di Landro et al. (2002). In these tests, EPS samples were impacted with 
a flat object at a 2.1 m/s impact speed. However, helmets are usually tested at speeds 
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higher than 6 m/s, at which the strain rate effect of the EPS is not negligible. 
Therefore, the quasi-static compression test data reported in (Di Landro, et al., 2002) 
for EPS foams were used to calculate C. This constant was then increased by 20% to 
take into account the strain rate effect at helmet drop test speeds, as suggested by 
(Mills, et al., 2009). At the end a value of 48.3 MPa was found for C. 
Young’s modulus and the yield stress of two EPS foams with different densities 
were computed using eqs. (4-1) and (4-3) and compared to the experimental data 
reported in (Mills, et al., 2009), as presented in Table 16. The results show that the 
equations can estimate these mechanical properties with an acceptable degree of 
accuracy. 
 
 
Table 16   Properties of EPS foams (solid polymer density=1050 kg/m3) 
 Density (kg/m3) R E (MPa) σy (MPa) 
Test (Mills, et al., 2009) 3.0 0.14 
Eqs. (4-1) and (4-3) 3.5 0.15 
Error 
22 0.021 
17% 7% 
Test (Mills, et al., 2009) 19 0.62 
Eqs. (4-1) and (4-3) 22.4 0.64 
Error 
59 0.056 
18% 3% 
 
 
Excessive compression of EPS causes cell walls to crush together, which results in 
the steep rise of the stress when increasing the strain to a limiting strain εD. It forms 
the third part of the curve shown in Figure 16. This behaviour is best described by: 
 






−−
+





−
=
R
p
D y
m
D
D
ε
ε
σ
εε
ε
σ
1
1 0
 when 





−>
DD
11εε  (4-4) 
 
where D and m are material constants (Gibson and Ashby, 1999). D = 2.3 and m = 1 
for plastic foams. The full densification strain is well described by: 
 
RD 4.11−=ε  (4-5) 
 
In this work, the EPS foams of the helmet were modelled with the crushable foam 
material model (MAT63) of LS-DYNA (Hallquist, 2007). In this model, if the 
magnitudes of the principal stresses exceed the yield stress at each time step, they are 
scaled back to the yield surface. The unloading occurs on a line whose slope is equal 
to the Young modulus of the foam (E). The required inputs of this material model are 
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Young’s modulus, the Poisson ratio and a compressive stress-strain curve, which were 
obtained by using eqs. (4-1) to (4-5) and are presented in Table 17. 
 
 
Table 17   Material properties of foam parts and chin strap 
Part ρ (kg/m3) E (MPa) υ σy (MPa) 
EPS top 20 2.9 0.01 0.13 
EPS main 40 10.6 0.01 0.36 
EPS cheek and chin 60 23.2 0.01 0.66 
Chin strap 870 1000 0.3 - 
 
 
4.2.2 Material properties of composite shell 
The shell of the AGV-T2 helmet is made of a number of composite layers. 
According to the information provided by the helmet manufacturer, the constituents of 
these layers are Kevlar 49 fibres, carbon (T700) fibres, glass fibres and an epoxy 
resin. However, these data were not enough to model the shell. To obtain more 
information, six samples were cut from chin bar, side, rear inferior, rear superior, 
crown and front regions of the shell. They were moulded in resin, polished and 
inspected under a microscope. The observations suggested that five different laminas 
were used in the shell: a Kevlar/carbon/epoxy hybrid unidirectional (UD) lamina, a 
glass/epoxy twill weave woven lamina, a glass/epoxy UD lamina, an unknown 
fibre/epoxy plain weave woven lamina and a carbon/epoxy UD lamina. The 
microscopy images were further processed using the microscope’s software. The 
outcomes were approximate thicknesses and fibre volume fractions of the laminas as 
well as lay-up of the shell at different regions. 
A section of the sample cut from the rear superior region is shown in Figure 17 as 
an example. From the shell exterior, there is an approximately 0.11 mm thick paint 
layer. The paint was not considered in FE modelling. The second layer is the 
glass/epoxy twill weave woven lamina. Its thickness was measured at 0.2 mm and its 
fibre volume fraction (Vf) was approximated at 0.55. Its material properties, given in 
Table 18, were found in manufacturers’ databases. 
The third part of the section is a [±60] sub-laminate made of the hybrid UD lamina. 
Its thickness is nearly 0.230 mm. The sub-laminate forms a considerable portion of 
the shell thickness. Figure 18 shows an area of the shell where the hybrid lamina is 
visible and a plate made of this lamina. The hybrid lamina is made of strips of carbon 
(T700)/epoxy and Kevlar 49/epoxy UD composites. The width of each strip is about 
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10 mm, while average size of shell elements used for the shell was less than 10 mm. 
To obtain material properties suitable for insertion in the FE model of the shell, it was 
assumed that the hybrid lamina is in-plane homogenous. Its mechanical properties 
were calculated from the properties of its constituents by using the rule of mixtures 
and making some assumptions about its failure modes. Then, its properties were 
validated by carrying out coupon tests and comparing the results with FE predictions. 
This process is explained in the next section. 
 
 
 
Figure 17   Section of a sample cut from the rear superior region of the shell. 
 
 
As shown in Figure 17, there are some angle-ply laminates through the thickness 
of the shell made of glass/epoxy UD laminas. The thickness of each lamina and its 
fibre volume fraction were approximated at 0.085 mm and 0.6, respectively. The 
mechanical properties of this lamina were found in literature (Table 18).  
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Microscopy inspections revealed that in the rear inferior region of the helmet, 
several layers of a UD carbon/epoxy composite are used. The fibre volume fraction of 
this lamina was measured at 0.5, and its mechanical properties were obtained from the 
properties of its constituents as explained in the next section. 
 
 
Table 18   Mechanical properties of two laminas of the shell 
 glass/epoxy twill 
weave (Vf = 0.55) 
glass/epoxy UD (Vf = 
0.6) (Soden, et al., 1998) 
ρ(kg/m3) 1950 1984 
EL (GPa) 29 46 
ET (GPa) 29 16 
GLT (GPa) 4.1 5.8 
νLT 0.14 0.28 
Sut,L (MPa) 550 1280 
εut,L 0.019 0.028 
Suc,L (MPa) 490 800 
εuc,L 0.017 0.018 
Sut,T (MPa) 550 40 
εut,T 0.019 0.025 
Suc,T (MPa) 490 145 
εuc,T 0.017 0.012 
τu (MPa) 80 73 
γu 0.04 0.040 
 
 
Another layer of the shell is a plain weave woven composite with a thickness of 
about 0.4 mm. The type of its fibres was not known. As can be seen in Figure 17, it 
has a relatively low fibre volume fraction (it was estimated at 0.4). This layer is 
probably used for moulding purposes and does not contribute significantly to the 
mechanical properties of the shell. Nonetheless, it was included in the FE model of 
the shell as a cross-ply laminate. The properties of the lamina were calculated from 
the properties of its constituents as explained in the next section. For the fibres, the 
properties of polymer fibres with an intermediate modulus and relatively low strength 
were used. 
The shell of an AGV-T2 helmet was sliced with a band-saw and its thickness was 
measured with a micrometer at different points. In this way, the approximate 
boundaries of each region were determined. Figure 19 depicts these regions and the 
relevant lay-up, which are the best approximations found by using microscopy images 
and visual inspection. In the side patch region, where the chin strap and visor are 
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attached to the shell, several layers of the glass/epoxy UD lamina are used to reinforce 
the shell, which were included in the FE model. 
 
 
 
 
Figure 18   The side region of the shell showing the hybrid UD lamina (left) and a plate made 
of it (right). 
 
 
In spite of the fact that the thicknesses of laminas may vary over the shell in the 
actual helmet, it was assumed that they are constant and one value was used for each 
of them in the FE model of the shell. Comparisons between the final thickness of the 
shell at each region and the thicknesses found from microscopy images and measured 
by the micrometer in the same region showed that they are consistent and therefore 
justified the assumption. For instance, at the crown region the thickness was measured 
at 2.460±0.140 mm with the micrometer and at 2.370 mm with the microscope. Its 
value in the FE model was 2.460 mm. 
 
 
 
 
1, 2 and 3) chin bar: [(0TW,G)2/±30H/(±30G)2] 
4) rear inferior: [0TW,G/±30H/(0C /90C)4/(±30G)2] 
5) rear superior: [0TW,G/(±30H/±30G)2/0PW,G/±30G] 
6) vent: [0TW,G/(±30H)2/(±30G)5/0PW,G/±30G] 
7) crown: 
[0TW,G/(±30H)2/(±30G)2/(±30H)2/(±30G)2/0PW,G/±30G] 
8) front: the same as 5. 
9) side: [0TW,G/±60H/(±30G/±30H)2/±30G/±60G/±60H 
/±60G/ /0PW,G/±60G] 
10) side patch: [0TW,G/(±30G/±60G)2/±30G/±60H/±60H 
/±30G/±30H/(±30G)2/±30H/(±30G)2/±60H/(±60G)2/±60H/
±60G/0PW,G/±60G] 
 
Figure 19   Shell regions and relevant lay-up; white lines indicate the reference material 
direction; TW: Twill Weave, H: Hybrid, G: Glass fibre, C: Carbon fibre and PW: Plain Weave. 
The matrix is epoxy. 
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4.2.3 Mechanical properties of UD laminas 
As mentioned before, the hybrid lamina is made of carbon/epoxy and 
Kevlar/epoxy UD laminas. Carbon fibres have high strengths but they are not very 
resistant to impact fracture. Making hybrid laminates by incorporating Kevlar fibres 
improves the impact resistance of the carbon/epoxy lamina (Stefanidis, et al., 1985). 
To make a hybrid laminate, one way is to stack layers of carbon/epoxy and 
Kevlar/epoxy. However, due probably to a low weight and thin thickness required for 
the shell of the helmet, Kevlar and carbon fibres were present in one layer. 
The average density of the hybrid lamina is a function of the densities of its 
constituents as: 
 
[ ] [ ]EKKKEKECCCECH VVVVVV ρρρρρ )1()1( // −++−+=  (4-6) 
 
where ρ is the density, V is the volume fraction and subscripts H, m, C, K  and E 
represent the hybrid lamina, matrix, carbon fibres, Kevlar fibres and epoxy resin, 
respectively. The density of the lamina was calculated by weighting a panel made of 
the material (Figure 18) and dividing its mass by its volume, which resulted in 1400 
kg/m3. Since the width and thickness of the carbon/epoxy and Kevlar/epoxy strips 
were equal, their volume fractions were also equal, or VC/E = VK/E = 0.5. The fibre 
volume fraction of the carbon/epoxy strip was measured at 0.5 from microscopy 
images. The shell is manufactured by the hand lay-up process, which explains the 
relatively low value of the carbon fibre volume fraction. By inserting VC = 0.5 and 
densities of the fibres and matrix (given in Table 19) in eq. (4-6), we will have VK = 
0.67. No data was found in literature for the carbon/epoxy and Kevlar/epoxy laminas 
with these fibre volume fractions. Hence, the following method was adopted to 
calculate their mechanical properties from the mechanical properties of their 
constituents. 
Using the rule of mixtures, the longitudinal elastic modulus (EL) and the major 
Poisson ratio (νLT) of a UD lamina can be written as: 
 
mmffL EVEVE +=  (4-7a) 
mmffLT VV ννν +=  (4-7b) 
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To calculate its transverse elastic modulus (ET) and shear modulus (GLT), the well-
known Halpin-Tsai equations can be employed, as follows: 
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The values of ξ are obtained through curve fitting to exact elasticity solutions 
(Agarwal, et al., 2006). Halpin and Tsai (1969) suggested a value of ξ = 2 for fibres 
with circular or square cross sections. Comparisons between experimental results and 
predictions of these equations and the rule of mixtures have shown that the Halpin-
Tsai equations provide better results. These four elastic constants are enough to relate 
stresses and strains in a thin UD lamina before failure occurs. 
Five common failure modes were considered for a UD lamina: tensile failure in 
longitudinal direction, compressive failure in longitudinal direction, tensile failure in 
transverse direction, compressive failure in transverse direction and in-plane shear 
failure. For each failure mode, the strength of the lamina was obtained based on 
failure mechanisms explained in (Agarwal, et al., 2006).  
Under a tensile load in longitudinal direction, failure initiates when the fibres reach 
their fracture strain. For the laminas used in the helmet, the contribution of the matrix 
to the longitudinal tensile strength of the lamina is negligible (less than 8%). 
Therefore: 
 
uffLut SVS =,  (4-9) 
 
where Sut,L is the longitudinal tensile strength of the lamina and Suf is the fibre tensile 
strength. The ultimate longitudinal tensile strain of the lamina is: 
 
f
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ufLut E
S
== εε
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 (4-10) 
 
where εuf is the fibre fracture strain. 
In analytical methods developed for predicting the transverse strength of a UD 
lamina subjected to a tensile load, it is assumed that its transverse tensile strength 
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(Sut,T) and ultimate transverse tensile strain (εut,T) are controlled by, respectively, the 
matrix tensile strength (Sut,m) and the matrix ultimate tensile strain (εut,m). From the 
strength of materials method, we have: 
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where SCF is the stress concentration factor and SMF is the strain magnification 
factor approximated as follows: 
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The failure modes of a UD composite under longitudinal compressive loads may 
be listed as (Agarwal, et al., 2006):  1) transverse tensile failure (matrix or interface 
cracking) due to the Poisson ratio effect, 2) fibre micro-buckling (a) with matrix still 
elastic, (b) preceded by matrix yielding, and (c) preceded by constituents debonding, 
and 3) shear failure. Theoretical expressions for the strength of composites in each of 
these failure modes have been developed (Jones, 1999). However, these expressions 
are not applicable to all UD composites. Particularly, these expressions overestimate 
the longitudinal compressive strength of polymer fibre composites due to the highly 
nonlinear behaviour of these fibres in compression (Greenwood and Rose, 1974). 
Instead, the Suc,L/Sut,L ratio obtained from experiments can be used. In this work, a 
value of 0.15 was used for the polymer fibre UD composites including Kevlar 
49/epoxy (Sudarisman, et al., 2007). For the carbon (T700)/epoxy a value of 0.71 was 
employed. The ultimate strain in compression is, however, larger than that in tension 
(Piggott and Harris, 1980), as reported in Table 20. 
It was assumed that the lamina fails under a compressive transverse load when the 
compressive strength of the matrix (Suc,m) is reached: 
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Under in-plane shear loading the behaviour of UD polymer matrix laminas is 
nonlinear because it is dominated by the matrix. To include this effect, the shear 
strength (τu) and ultimate shear strain (γu) of the lamina were set equal to those of the 
matrix: 
 
muumuu ,, ; γγττ ==  (4-16) 
 
In Table 19, the properties of the carbon (T700) fibres, Kevlar 49 fibres, 
intermediate modulus and low strength polymer fibres and the epoxy resin are 
presented. These properties, which were found in literature or manufacturers’ 
databases (Dupont, Matthews and Rawlings, 1994, Minnetyan, 2003), were used to 
calculate the mechanical properties of the laminas from eqs. (4-7) to (4-16), which are 
given in Table 20. 
 
 
Table 19   Mechanical properties of constituents of the shell, except glass fibres 
 carbon  fibres Kevlar 49  fibres polymer fibres1 epoxy resin 
ρ(kg/m3) 1760 1440 1440 1150 
E (GPa) 290 112 80 4.1 
ν 0.2 0.36 0.36 0.38 
G (GPa) 27 2.6 2.6 1.5 
Sut (MPa) 4000 3000 2100 99 
εut 0.014 0.024 0.024 0.044 
Suc (MPa) - - - 130 
εuc - - - 0.09 
τu (MPa) - - - 57 
γu - - - 0.05 
   1 Intermediate modulus and low strength. 
 
 
To calculate mechanical properties of the hybrid lamina, it was assumed that it is 
in-plane homogenous and the concepts behind eqs. (4-7) to (4-16) were employed to 
find new equations, in which the properties of the matrix and fibres were replaced 
with the properties of the carbon/epoxy and Kevlar/epoxy laminas. Hence, from the 
rule of mixtures, we have: 
 
EKLEKECLECHL EVEVE /,//,/, +=  (4-17a) 
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These equations give the elastic constants that relate stresses and strains of the hybrid 
lamina prior to failure. 
Five failure modes, the same as those mentioned above, were considered for the 
hybrid lamina. Under a longitudinal tensile load, it was assumed that the lamina fails 
when its longitudinal strain reaches the ultimate longitudinal tensile strain of the 
carbon/epoxy lamina (εut,LC/E) as εut,LC/E < εut,LK/E (Table 20). Thus: 
 
ELCutEKLEKELCutECLHutELCutLHut EVSVS /,/,//,/,/,, ; εεε +==  (4-18) 
 
where the contribution of the Kevlar/epoxy composite to the strength of the hybrid 
lamina is included. In the transverse direction, the tensile strength of the hybrid 
lamina (Sut,TH) was assumed to be equal to that of the weakest composite (which is 
Kevlar/epoxy) and its ultimate tensile strain was set equal to the combination of 
strains of its constituents at Sut,TH: 
 
ECTTHutECETKutEKTHtuETKutTHut ESVVSS /,,//,/,/,, ; +== εε  (4-19) 
 
Under compressive loading in fibre direction, the Kevlar/epoxy composite yields 
first but owing to its nonlinear behaviour, it maintains its strength at least until the 
carbon/epoxy lamina fails. Therefore, the strength and ultimate strain of the hybrid 
lamina may be written as: 
 
ELCucLHucELKucEKELCucECLHuc SVSVS /,,/,//,/, ; εε =+=  (4-20) 
 
Finally, for failure under compressive loading in the transverse direction and failure 
under in-plane shear loading, the assumptions made for the UD laminas were 
employed, as follows: 
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HTTHucTHucmucTHuc ESSS ,,,,, ; == ε  (4-21a) 
muHumuHu ,,,, ; γγττ ==  (4-21b) 
 
Mechanical properties of the hybrid lamina were calculated using eqs. (4-17) to (4-
21) and are presented in Table 20. In order to verify and probably adjust these 
properties, coupon tests were carried out and modelled, as explained in the next 
sections. 
 
 
Table 20   Mechanical properties of other laminas of the shell 
 polymer fibre/epoxy 
(Vf=0.4) 
carbon/epoxy 
(Vf=0.5) 
Kevlar49/epoxy 
(Vf=0.67) 
hybrid (carbon/epoxy 
– Kevlar49/epoxy) 
ρ(kg/m3) 1266 1455 1345 1400 
EL (GPa) 34 174 77 110 
ET (GPa) 8 9 8 8 
GLT (GPa) 1.8 3.9 2.2 2.8 
νLT 0.37 0.29 0.37 0.33 
Sut,L (MPa) 840 2000 2017 1530 
εut,L 0.026 0.014 0.027 0.014 
Suc,L (MPa) 126 1420 303 8601 
εuc,L 0.020 0.010 0.030 0.0101 
Sut,T (MPa) 52 42 31 30 
εut,T 0.014 0.009 0.005 0.004 
Suc,T (MPa) 130 130 130 130 
εuc,T 0.016 0.014 0.016 0.015 
τu (MPa) 60 60 60 60 
γu 0.051 0.051 0.051 0.051 
1 As explained in next sections, Suc,LH = 720 MPa and εuc,LH = 0.008 gave better predictions of 
the tension test results, and therefore they were inserted in the FE model of the shell. 
 
 
4.2.3.1 Coupon tests 
The manufacturer of the shell provided some panels made of the hybrid lamina. 
Since this material was only available as [±60]
 
sub-laminates, the panels were not UD. 
Their lay-up was determined through microscopy. One sample of each panel was cut, 
moulded in resin and polished. Even after polishing the samples three times, the cross 
section of Kevlar fibres was not clear due probably to defibrillation. Another problem 
was that in each ply, sometimes Kevlar and carbon fibres overlapped, as shown in 
Figure 20, which made it difficult to distinguish between overlapping fibres and the 
next ply. Nonetheless, visual inspection of the panels and peeling some of their layers 
verified the obtained lay-up. 
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Tension tests were performed as per ASTM D3039 (2007) on samples cut from a 
panel with [±30/±60/±30]3 lamination. They were wide enough (25 mm) to include 
both carbon/epoxy and Kevlar/epoxy strips. Since strains of these strips could be 
different, one strain gauge was attached to each of them and the mean value of their 
outputs was used as the strain of the specimen. Therefore, tension specimens were 
instrumented with four strain gauges to measure longitudinal and transverse strains 
(with respect to the loading direction). Tension tests were carried out in an Instron 
machine equipped with a 10 kN load cell.  
 
 
 
Figure 20   Part of the cross-section of a compression specimen. 
 
 
Other available panels had [±30/±606/±30/±60] lay-up, which were used for 
compression tests, as per the Imperial College method for testing composite materials 
in compression (Haberle, 2003). The widths of compression specimens were too small 
(10 mm). This fact could exacerbate scatter of the test results. One strain gauge was 
attached on each side of the specimens to allow for checking the probable early 
buckling. A Zwick machine equipped with a 10 kN load cell was used for these tests. 
The results are presented in Table 21, which are properties of the laminates 
measured in the reference coordinate system xy; the load was applied in the x 
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direction. Large data scatter were found for the elastic modulus in compression and 
the Poisson ratio; the relevant coefficients of variation were 24% and 19% 
respectively. Other coefficients of variation were quite small (5% to 14%), which 
indicates that the results can be representative of mechanical properties of the 
laminates. 
 
 
Table 21   Results of coupon tests on hybrid laminates 
 Tension test1 Compression test2 
Exx (GPa) 38±2 13±3 
νxy 0.529±0.099 - 
Sut,x (MPa) 530±41 - 
εut,x 0.015±0.001 - 
Suc,x (MPa) - 155±18 
εuc,x - 0.014±0.002 
                          1
 lay-up: [±30/±60/±30]3 
                          2
 lay-up: [±30/±606/±30/±60] 
 
4.2.3.2 Elastic constants of the hybrid lamina 
Elastic constants obtained from coupon tests cannot be directly compared to the 
values calculated for the hybrid lamina. The LAP software (Version 4.0) was used to 
calculate elastic constants of the tension and compression specimens from those of the 
hybrid lamina. This software employs the classical lamination theory to analyse 
composite laminates subjected to in-plane loads and moments.  
 
 
Table 22   Elastic constants of the tension and compression specimens 
properties experimental analytical 
EL (GPa) - 110 
ET (GPa) - 8 
GLT (GPa) - 2.8 
νLT - 0.33 
Exx1 (GPa) 38±2 34 
νxy
1
 0.529±0.099 0.687 
Exxc 2 (GPa) 13±3 17 
                        1
 tension specimen: [±30/±60/±30]3 
                        2
 compression specimen: [±30/±606/±30/±60] 
 
 
Tension and compression specimens were modelled with 18 layers in LAP. The 
lay-up given in the footnote of Table 21 was used to define the fibre orientation of 
each layer with respect to the loading direction (x). The elastic constants of the hybrid 
lamina were assigned to each layer and the effective elastic moduli of the laminates 
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were calculated. As shown in Table 22, Young’s modulus of the tension laminate is 
fairly close to the experimental data. The analytical Poisson ratio and compressive 
elastic modulus (Exxc) are slightly higher than the experimental mean values plus one 
standard deviation. 
4.2.3.3 Failure parameters of the hybrid lamina 
The LAP software can help predict failure modes associated with initial failure of 
laminates. A tensile strain of 1.5% was applied to the tension specimen in LAP. This 
is the mean value of the ultimate tensile strains obtained from the tension tests. 
Stresses of the layers in the material axes are plotted in Figure 21. At this strain, all 
layers have failed under in-plane shear stresses since τLT > 60 MPa. Similar analysis 
on the compression specimen showed that the failure starts with a combination of 
failure modes. 
 
 
 
 
 
Figure 21   Stress distribution in the tension specimen ([±30/±60/±30]3); applied load: εX = 0.015. 
 
 
The behaviour of the laminate after the initial failure cannot be studied by using 
the LAP software. Instead, the FE method was employed. The tension and 
compression samples were modelled in LS-DYNA. Given the small thickness of the 
specimens compared to other two dimensions, they were meshed with shell elements. 
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Average element size was approximately equal to that used to mesh the shell, i.e. 3 
mm. 18 integration points were defined through the thickness to represent each 
lamina. An angle was assigned to each integration point, which specified the 
orientation of the lamina L axis with respect to the laminate x axis. The laminated 
composite fabric material model (explained in the next section) was employed to 
define the mechanical properties of the lamina. Elastic constants and failure 
parameters of the hybrid lamina given in Table 20 were inserted in the model (FEA-
1). Another model was built considering the footnote of this table (FEA-2). A ramp 
displacement, equivalent to 0.02 engineering strain in 100 ms, was applied to the 
nodes of one end of the specimen. At this end, other degrees of freedom of the nodes 
were constrained. At the other end, all degrees of freedom of nodes were constrained. 
No damping was considered in the model. Simulation outputs showed that the global 
kinetic energy was negligible compared to the global internal energy. 
The FE predicted stress-strain curves are plotted in Figure 22 for the tension test 
together with experimental curves. The first change in the slope of the FE curves is 
due to shear failure of layers, which accords with the prediction of the classical 
lamination theory (Figure 21). In experiments, the change in the slope occurred at a 
slightly higher stress. This can be attributed to the lower elastic modulus of the hybrid 
laminate predicted by FEA compared to the experimental values. 
 
 
Figure 22   Tension test engineering stress-strain curves.  
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Comparing FEA-1 and FEA-2 curves, it seems that decreasing the longitudinal 
compressive strength did not affect the stress-strain response of the tension specimen. 
Contour plots of maximum and minimum stresses of the layers (at each element) in 
the fibre direction are depicted in Figure 23 for the FEA-2 dataset. As shown, the 
tensile stress in a majority of elements is less than 1300 MPa. Only at the corners the 
tensile stress is high due to the clamping effects. The compressive stress, however, is 
650-700 MPa in a number of elements located in the gauge length. According to 
Figure 21, this stress occurs in ±60 layers. Reducing the compressive strength of the 
lamina in the fibre direction to 720 MPa caused failure of these layers and 
consequently the rupture of the laminate in the gauge length, similar to experiments. 
 
 
 
 
Figure 23   Contour plots of σLL (stress in the fibre direction) for the tension specimen 
([±30/±60/±30]3) at εx = 0.017; a) maximum and b) minimum values at each element; dataset 
FEA-2. 
 
 
Under compression, the failure stress predicted by using the FEA-2 dataset was 
located within the range of the experimental values, as shown in Figure 24. However, 
the failure strain was small compared to the test results, which can be related to the 
higher effective modulus predicted by FEA. Despite the drastic difference between 
the FE and experimental curves, the areas under them are similar. At εx = 0.019, the 
experimental area was 1785±224 kJ/m3 and the area under the FEA-2 curve was 2020 
kJ/m3. This area indicates the energy per unit volume absorbed by the specimen. 
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Figure 24   Compression test engineering stress-strain curves.  
 
4.2.4 Shell material model 
The shell of the AGV-T2 helmet was modelled with the Laminated Composite 
Fabric material model (MAT58) of LS-DYNA. This material model is capable of 
predicting initiation and evolution of intra-laminar damage. In other relevant material 
models of LS-DYNA, when all layers of an element fail the element is removed, 
while in MAT58 it is possible to keep the element but degrade its moduli to near zero. 
In this way, fewer problems would occur at the liner/shell and shell/anvil interfaces. 
MAT58 is also suitable for modelling UD and woven composites (Hallquist, 2007). 
Delamination was not modelled because it could have a drastic effect on the 
computational cost. In a previous numerical study on energy absorption of a helmet 
during impact onto a hemispherical anvil (Kostopoulos, et al., 2002), it was found that 
nearly 10% of the impact energy was absorbed through shell delamination. In the 
present study, flat and kerbstone anvils are used, thus the energy dissipated through 
delamination would be even lower. 
MAT58 has been developed on the basis of a continuum damage mechanics 
(CDM) based model proposed by Matzenmiller et al. (1995) for a UD lamina where 
the through thickness effects can be neglected. According to their model, a UD lamina 
can fail under tension and compression in fibre and matrix directions and in-plane 
shear. In this study, the maximum stress failure criterion was employed for the layers 
of the shell. 
In CDM, the effective stress (σˆ ) is carried by the net undamaged area of the 
material and related to nominal stress (σ) through the damage variable (d). For a UD 
lamina, this relation can be written as (Matzenmiller, et al., 1995): 
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For a virgin intact material di = 0 and for a fully damaged material di = 1. The stress-
strain relationship for a thin lamina including the damage parameters is: 
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where N=1-(1- dL) (1- dT)νLT νTL>0. This equation indicates that the evolution of the 
damage variables degrades the elastic moduli of the lamina. dL, dT and dLT are 
associated with respectively the degradation of EL due to tensile and compressive 
stresses in the fibre direction, the degradation of ET due to tensile and compressive 
stresses in the transverse direction and the degradation of GLT. In MAT58, an 
exponential damage evolution law is implemented (Xiao, et al., 2009): 
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where ε0 is the nominal failure strain and m is a parameter internally calculated. 
Constants of this law are calculated from the parameters inserted into the material 
model. These parameters are presented in Table 18 and Table 20 for the laminas 
forming the shell. 
4.2.5 Chin strap 
The 1.3 mm thick and 20 mm wide chin strap of the helmet was modelled with the 
Elastic material model. Its properties are presented in Table 17. The Young modulus 
was set equal to the value obtained from a tension test on a chin strap (Mills and 
Gilchrist, 2008). 
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4.2.6 Meshing 
CAD files of the shell and foam parts were provided by Dainese S.p.A. in the IGS 
format. These files were imported into the Hypermesh environment (HyperWorks, 
2008), where the surfaces constructing the shell and foam parts were prepared for 
mesh generation. The preparation process included stitching the edges where there 
was a gap and removing the lines which could cause very small element edges and 
therefore a small time step. 
The foam parts were meshed with single integration 4-node tetrahedral elements. 
The tetrahedron is suitable for mesh generation on complicated volumes such as a 
helmet liner, but it is susceptible to excessively stiff behaviour (locking) (Cook, 
2001). A good replacement for this element is the 8-node hexahedron but it is very 
difficult to properly discretize the liner using hexahedrons. It is, however, possible to 
compare the performance of these elements in the type of problem under 
investigation. Cernicchi et al. (2008) simulated the crushing of an EPS mat impacted 
with a 3 kg rigid sphere at an impact speed of 6.7 m/s. The EPS foam, which had a 
density of 24 kg/m3, was modelled using MAT63. They found that when 4-5 
tetrahedrons were used through the thickness, acceleration of the impactor versus time 
converged to that obtained by using the same number of hexahedrons through the 
thickness. This evidence together with their validation results of the whole helmet 
verifies that the 4-node tetrahedron is suitable for meshing the liner if at least four 
elements exist through its thickness. Following this suggestion, the liner of the AGV-
T2 helmet was meshed with 39836 4-node tetrahedrons. 
The shell was meshed mainly with 4-node quadrilateral elements. They composed 
95% of the elements of the shell. In some complex areas, 3-node triangular elements 
were employed. Each layer of the shell was represented with a through thickness 
integration point and pertinent material properties were assigned to this point. 
As mentioned earlier, the material model used for the layers of the shell is CDM 
based. Once damage initiates, elastic moduli of the material degrades towards zero. In 
other words, it softens when it is loaded beyond its yield point. Strain softening 
behaviour leads to mesh sensitive results (Zienkiewicz and Taylor, 2000). As the 
mesh size decreases, the energy expended in developing the damage decreases and 
tends towards zero, which is highly unrealistic. 
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Several measures have been proposed to overcome this problem. Iannucci and his 
co-workers have done much work in the field of composite materials (Iannucci and 
Ankersen, 2006, Iannucci and Willows, 2006, Iannucci and Willows, 2007). They 
have proposed an energy based damage model, which is capable of modelling UD and 
woven composite materials. In their method, the slope of the damage (softening) part 
of the stress-strain curve is adjusted for each element according to its size so that the 
fracture energy remains constant. They implemented this model in LS-DYNA and 
showed that for simple lay-up and loading the results were independent of mesh size.  
There are several difficulties in employing this model for the layers of the shell. 
Fracture energies of the layers are not known and their lay-up is too complicated. In 
addition, since currently this model is available as a user subroutine, it can drastically 
increase the computational cost. Drop test results indicated that in severe impacts onto 
the kerbstone anvil some layers of the shell failed, whereas the energy based model is 
most effective when complete failure occurs. Therefore, MAT58 was used to model 
the shell but the dependency of the results on mesh size was investigated. The shell 
was meshed with 3, 6 and 10 mm average element size and drop tests onto a 
kerbstone anvil at a 7.5 m/s impact velocity was simulated. The results are reported 
and compared in the results section. 
4.2.7 Headform and anvils 
The CAD file of a “J” size ISO headform was imported into Hypermesh and 
meshed with 37550 tetrahedrons. The mesh was imported into LS-DYNA and a rigid 
material with a density of 1173 kg/m3 was assigned to it. The mass of this headform 
was measured at 4.727 kg, which is within the range of the mass defined by UNECE 
22.05, 4.7±0.14 kg. Its C.G. was in the mid-sagittal plane and about 5 mm away from 
the point G, where the accelerations are measured. According to the UNECE 22.05 
standard, the C.G. shall be near this point.  
The AGV-T2 helmet was positioned on the headform, considering the upper and 
lower vision field angles defined in UNECE 22.05. The chin strap was passed through 
the hole of the cheek foam and below the neck, as shown in Figure 25. In a 
simulation, the chin strap was tightened with a 5 N force. Then, the nodes and 
elements were imported into the main model without pre-stress. 
82 
Flat and kerbstone anvils were created in Hypermesh software. They were meshed 
with shell elements and imported into LS-DYNA (Figure 25). A rigid material with a 
Young’s modulus of 200 GPa (typical of steel) was assigned to them. 
 
 
 
Figure 25   Modelled parts of the helmet (only half of the shell is shown) and anvils. 
 
 
4.2.8 Contact 
Contact was defined at the headform/liner, liner/liner, shell/liner, chin 
strap/headform, chin strap/liner and shell/anvil interfaces using the automatic contact 
algorithm of LS-DYNA with penalty formulation (Hallquist, 2007). This algorithm 
automatically generates master and slave surfaces from contact pairs and predicts 
closure and separation. If a node of the slave surface penetrates into an element of the 
master surface, the penalty contact method inserts a spring between the slave node 
and the penetration point on the master element. The stiffness of this spring is 
proportional to the minimum of the bulk moduli of the master and slave parts. 
Another contact formulation available in LS-DYNA is the kinematic constraint. In 
this method, constraints are applied on the displacement of the slave nodes along the 
contact surface in order to decrease the penetration to zero. Some additional 
conditions (impact and release) need to be imposed to insure momentum 
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conservation. In contrast to the nodal constraint method, the penalty method is found 
to excite little, if any, hourglassing (Hallquist, 2007). The momentum is exactly 
conserved without the necessity of imposing impact and release conditions. 
At interfaces where the bulk moduli of the contacting parts differ by orders of 
magnitude, such as the headform/liner and shell/liner interfaces, using standard 
penalty formulation could cause excessive penetrations. Hence, the soft constraint 
penalty formulation of LS-DYNA was employed. With this method, contact stiffness 
is calculated based on the stability stiffness of two masses (slave and master 
segments) connected by a spring. The maximum of this stiffness and the stiffness 
computed by the standard penalty method is assigned to the contact spring. 
In the contact algorithm, the thickness of the shell was set to be taken into account. 
In addition, the penalty forces calculated as explained above were not scaled unless 
when the soft constraint penalty formulation was used; the scale factor was 0.1. With 
this value no penetration was observed at the headform/liner and shell/liner interfaces. 
The contact stiffness obtained by the soft constraint penalty method is typically much 
higher than the value obtained from the standard penalty method and therefore it can 
decrease the stable time step if it is not scaled down.  
Sliding at the interfaces was modelled using the Coulomb friction model with 
equal static and dynamic friction coefficients. Cernicchi et al. (2008) used a friction 
coefficient of 1 for the liner/liner interface and a friction coefficient of 0.5 for the 
shell/liner and headform/liner interfaces, which were used in the model of the AGV-
T2 helmet. These friction coefficients are static as no sliding at the relevant interfaces 
is expected in normal impacts. The dynamic friction coefficient at the shell/anvil 
interface was found to be 0.55 when a composite-shell helmet was impacted obliquely 
onto an anvil covered with an abrasive paper (Mills, et al., 2009). Since in helmet 
drop tests no abrasive paper was used, a lower value (0.3) was assigned to this friction 
coefficient in the model. For the chin strap/headform interface, a friction coefficient 
of 0.5 was employed. 
4.2.9 Helmet drop tests 
To validate the FE model of the helmet, AGV-T2 helmets were drop tested using a 
“J” size headform. Drop tests onto a flat anvil were carried out by Dainese S.p.A 
according to the UNECE 22.05 standard and the results, including resultant linear 
acceleration of the headform versus time, were provided for impacts at the B, P, R and 
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X points. Only one test result was available for each impact point, so it was not 
possible to investigate the repeatability of the tests.  
Helmet drop tests onto a kerbstone anvil were performed by using the testing 
facilities of TRL (Transport Research Laboratory, Bracknell, UK). The repeatability 
of drop tests onto a flat anvil is much better than that obtained with a kerbstone anvil. 
Hence, for testing the helmet against a kerbstone anvil, three samples were used for 
each impact point. Impact points (B, P, R and X) were marked on the helmets with the 
aid of a reference headform and a fixture equipped with laser pointers and rulers. 
After positioning the helmet on the headform, the peripheral vision field angles were 
checked by using a purpose-built gauge shown in Figure 26. Then, the chin strap was 
tightened. 
 
 
 
Figure 26   Helmet marking and drop test rigs. 
 
 
The helmeted headform was dropped onto the kerbstone anvil by using the TRL’s 
helmet drop tower shown in Figure 26. The drop height was adjusted so that the 
impact velocity just before helmet/anvil contact was approximately 7.5 m/s. In each 
test, this velocity was measured with a laser timer; its variation was not more than 
1%. Three orthogonal piezoelectric accelerometers were mounted inside the headform 
near point G to measure the acceleration with a sampling rate of 100 kHz. All impacts 
were recorded with a high speed camera at 1000 frames per second.   
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4.3 Results 
The drop tests of the helmet onto the flat and kerbstone anvils were simulated by 
using the FE model of the helmet. The impact speed was 7.5 m/s and the impact 
points were B, P, R and X. Before comparing the FE and experimental results, the 
effects of the chin strap and mesh size of the shell on the results are studied. 
4.3.1 Effect of chin strap 
Impacts onto the kerbstone anvil at points B and X were simulated with and 
without the chin strap in order to investigate its effect on the acceleration of the 
headform. These impact points were chosen because the headform is more susceptible 
to rotate inside the helmet in these impact configurations. For the simulations, the fine 
shell mesh with a 3 mm average element size was used. Figure 27 shows resultant 
linear acceleration of the headform normalised with respect to the peak acceleration 
measured in simulations with the chin strap. It can be seen that excluding the chin trap 
slightly affected the results for point B. This effect is more obvious for point X. For 
this point, acceleration of the head was approximately 7% lower when the chin strap 
was removed.  
 
 
  
Figure 27   Normalised resultant acceleration of the headform. 
 
 
A snapshot at time 6 ms of the impact at point X is shown in Figure 28. At this 
time, the lower part of the chin strap is slack but the upper part is tight. The z 
component of the contact force at the chin strap/headform interface was 0.4 kN at this 
time, which was around 6% of the total load applied to the headform in z direction. 
This explains the 7% difference between the headform accelerations in the 
simulations with and without the chin strap. The contact force in z direction is mainly 
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caused by friction. Decreasing the friction coefficient could decrease this force and 
subsequently headform acceleration. Nonetheless, this influence is almost negligible. 
 
 
 
Figure 28   Snapshot of the drop test at point X onto the kerbstone anvil (some parts of the 
helmet are not shown). 
 
4.3.2 Mesh size of the shell 
The influence of mesh size of the shell on the impact results were studied by 
simulating drop tests onto the kerbstone anvil at points B and R, in which noticeable 
contribution of the shell in energy absorption was expected, and by using the models 
with different shell element size (3 mm, 6 m and 10 mm ).  As compared in Figure 29, 
acceleration of the headform was slightly affected when element size was varied. This 
is more noticeable for point R. It seems that the results associated with 3 mm and 6 
mm shell element size have better agreement, which implies that head acceleration 
converged when shell element size was decreased to 3 mm. 
 
 
  
Figure 29   Influence of mesh size of the shell on acceleration of the headform. 
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The internal energy of the shell is shown in Figure 30. This energy is the sum of 
the elastic energy, as the shell deforms, and the dissipated energy, as damage evolves 
in the shell. The dissipated energy is equal to the internal energy when the helmet has 
rebounded and the internal energy is virtually constant. As shown in this figure, the 
energy dissipated by the shell is comparable to that absorbed by the foam. This figure 
also illustrates that despite increasing mesh size as much as 3 times, its influence on 
the elastic and dissipated energies is negligible.  
It can be concluded that element size of the shell between 3 mm to 6 mm is 
suitable for this study. A value of 3 mm was chosen in order to model some regions of 
the shell, such as its side, with more accuracy. In simulations, the time step was 
governed by elements of the shell. It was 0.2 microseconds for the finest mesh. 
 
 
  
  
Figure 30   Influence of mesh size on internal energies. 
 
4.3.3 Prediction of drop tests 
To validate the model of the AGV-T2 helmet, the drop tests were simulated and 
compared to experimental data, as shown in Figure 31 to Figure 34. Generally, the FE 
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prediction is good. For impacts onto the flat anvil, only one set of data was available. 
Nonetheless, good repeatability of tests using the kerbstone anvil implies that with the 
flat anvil the repeatability should also be good. 
 
Figure 31   Results of drop tests at point B. 
 
 
Figure 32   Results of drop tests at point P. 
 
 
The unloading part (when acceleration descends) of the majority of FE curves has 
a steeper slope compared to experimental curves. This is probably related to the 
unloading assumption adopted for developing the foam material model, MAT63. In 
this material model, the unloading occurs on a line whose slope is equal to the Young 
modulus of the foam (E) (Hallquist, 2007). However, if the slope of the stress-strain 
curve in the densification region is greater than E, for instance the curve shown in 
Figure 16, unloading from any point in the densification region, such as point A, 
results in self-intersection of the curve, at point B in this figure. LS-DYNA increases 
E to avoid self-intersection of the curve upon unloading from any point in the 
densification region. For instance, E was increased as much as 100 times in the 
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simulations. Increasing the Young modulus does not affect the results when loading 
as the elastic region is small compared to the plateau region, but it can result in 
unrealistically steep unloading. 
The discrepancy between FE and experimental results is quite remarkable for 
impacts onto the kerbstone anvil at point R. The larger area under the experimental 
curves indicates a greater change in the impact velocity. Since the headform 
rebounded at around 10 ms in FEA (the component of velocity normal to the anvil 
changed its sign), the headform rebounded earlier in experiments.  The snapshots 
shown in Figure 35 indicate that the helmet also rebounded earlier in experiments, 
between 8 ms and 12 ms. These observations indicate that the portion of the internal 
energy, which was stored in the shell and converted into kinetic energy was larger in 
experiments. In other words, the lower FE predicted acceleration can be attributed to 
the larger portion of the internal energy dissipated through failure of the shell in 
simulations.  
 
 
Figure 33   Results of drop tests at point R. 
 
 
Figure 34   Results of drop tests at point X. 
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4.4 Discussion and conclusions 
Literature survey indicated that several attempts have been made to FE model 
motorcycle helmets. However, the developed models were rarely validated against 
experimental drop tests at different impact sites and by using non-flat anvils. 
Cernicchi and co-workers’ paper was found to be the only study that has reported the 
validation of a helmet model for various impact conditions. The current study is 
analogous to their work. A commercially available full-face helmet has been modelled 
and impacts at B, P, R and X points using both flat and kerbstone anvils have been 
simulated. The results are in good agreement with the experimental results which 
have been either provided by the manufacturer or obtained through impact testing the 
helmet. This helmet will be used in the next chapters to simulate full-body drop tests. 
 
 
 
Figure 35   Snapshots of an impact onto kerbstone anvil at point R. 
 
 
Mechanical properties of the EPS foams were found by inserting their relative 
density in semi-experimental equations. It was shown that these equations give good 
prediction of experimental results. To find the mechanical properties of the hybrid 
lamina, which forms a major part of the shell, the equations used for a lamina made of 
one type of fibres were extended to a lamina made of two different types of fibres. 
Comparison between the coupon test and FE simulation results confirmed validity of 
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these equations. These equations can be used to calculate mechanical properties of 
other hybrid laminas that might be used in helmets owing to their low weight and 
superior toughness and strength properties. 
The chin strap was found to influence the impact results to some extent. When it 
was modelled with spring elements by Cernicchi et al. (2008), no difference was 
found in the impact results with and without the chin strap even for an impact at point 
X. In the current work, the chin strap was modelled with shell elements and contact 
was defined at its interface with the neck. This model is closer to reality and is 
expected to give better results especially for impacts involving larger rotations 
between the headform and the helmet. 
The material model used for the layers of the shell softens once damage initiates. 
Therefore, the impact results were susceptible to be mesh size dependent. Simulation 
results of helmet drop tests onto a kerbstone anvil indicated that a considerable 
amount of the impact energy was absorbed by the shell through damage. Despite 
increasing mesh size as much as 3 times, its influence on the absorbed energy was 
negligible. However, better results were found for the headform acceleration by using 
element size of the shell between 3 mm to 6 mm. Mesh size of 3 mm was chosen in 
order to model some regions of the shell, such as its side, with more accuracy. 
There were some noticeable discrepancies between FE predicted and experimental 
results when a kerbstone anvil was used. The discrepancies were mainly attributed to 
the larger amount of energy dissipated by the shell through fracture in FEA. The FE 
model of the shell can be improved in some ways. As explained earlier, the material 
properties of layers of the shell were found in open literature or by using analytical 
equations. Better properties may be obtained by carrying out coupon tests on these 
materials. In addition, using the lay-up that has been used to mould the shell can 
improve the model. 
Another issue is sensitivity of properties of composite materials to the rate of 
loading. Mechanical properties of carbon and Kevlar epoxy composites are rate-
independent in fibre dominated modes, but those of glass epoxy composites enhance 
with increasing the loading rate (Matthews and Rawlings, 1994). In addition, in 
matrix dominated modes, including shear related failure, composites with an epoxy 
resin show strain-rate enhancement. The material model used for the shell in this 
study does not have the capability to include the strain-rate effect. The energy based 
material model developed by Iannucci and Ankersen (2006) includes the strain-rate 
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enhancement. However, it is not implemented in LS-DYNA software yet. In addition, 
there is no data available about the relevant properties of the composites used for the 
shell. Once such models are available in LS-DYNA, the impact response of composite 
shell helmets should also be studied by using them. 
4.5 Publications 
The work presented in this chapter resulted in the following publication: 
 
1. Ghajari, M., and Galvanetto, U., Virtual and experimental testing of 
helmets. MYMOSA EU research training network, Report no. WP3.4, 
2010. 
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5 Full-Body Normal Impact Test Using the 
Hybrid III Dummy 
 
 
5.1 Introduction 
Literature survey showed that probable consequences of using a detached 
headform and, therefore, excluding the rest of the body in the helmet impact 
absorption test have not been addressed completely. In this study, these consequences 
have been further investigated by using an FE model of the Hybrid III dummy. This 
dummy was chosen because it was used in previous similar studies (COST327, 2001, 
HIC-Workshop, 2005). In addition, it was available for conducting a set of drop tests 
in order to validate the FE model of the helmeted dummy. 
In this chapter, the FE model of the dummy is described and validated against 
experimental results. In order to investigate possible influences of the body on the 
impact responses of the head and helmet, two types of virtual tests are compared: the 
drop test of a helmeted dummy and the drop test of its detached head. A one-
dimensional analytical model is proposed for the helmeted headform impact. The 
solution to this model reveals the relations between impact inputs, properties of the 
helmet and impact outputs. These relations are extremely important when the effect of 
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the body on impact outputs is to be included in headform drop tests, by modifying one 
or more impact inputs. 
5.2 Methodology 
5.2.1 FE model of the Hybrid III dummy 
The family of Hybrid III dummies has been developed by General Motors 
Corporation for investigating injuries of car occupants in high-speed frontal impacts. 
This dummy has a flexible neck made of rubber cylinders separated with aluminium 
discs (Figure 36). Through the centre of this column runs a steel cable. The neck is 
attached to the head with a revolute joint (Occipital Condyle), whose axis is normal to 
the coronal plane. At the other end, it is rigidly attached to a rigid beam representing 
the thoracic spine (the main upper part of the back). 
 
 
 
Figure 36   Hybrid III dummy (left) and its FE model (LSTC.H3.103008_v1.0, right). 
 
 
An FE model of the dummy, which was developed by Livermore Software 
Technology Corporation (LSTC) and provided free of charge for LS-DYNA users, 
was employed in this research (LSTC.H3.103008_v1.0, Figure 36). This model has 
7444 nodes and 4295 elements composed of 2648 solid, 1636 shell, 3 beam and 8 
discrete elements. The mesh of the head’s skin was very coarse compared to the mesh 
of the helmet liner. Using a CAD file of the skin, a finely meshed FE skin including 
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3704 hexahedral elements (compared to 136 elements of the original FE skin) was 
created.  
In the model of the dummy, the rubber cylinders of the neck are modelled with 
spherical joints connecting rigid disks together. The elastic and damping properties of 
the rubber cylinders are modelled with angular stiffness and angular damping 
implemented in these joints. The response of the FE model of the neck has been 
investigated and validated through simulating neck extension and flexion tests of the 
FMVSS 572 standard (FMVSS572, 1986, Guha, et al., 2008). These tests do not 
include direct impacts on the head, which can apply a compressive force on the neck 
while in helmet drop tests the head is exposed to direct impacts. Hence, the 
performance of the FE model was studied and validated through simulating helmet 
drop tests using the dummy, as explained later. 
 The dummy was in sitting posture (Figure 36). According to accident 
investigations (COST327, 2001, MAIDS, 2004), in motorcycle accidents the most 
frequent collision partners are passenger cars. In an impact with a car, the 
motorcyclist usually hits the car shortly after motorcycle/car collision, which means 
the rider does not have enough time to change posture considerably. Therefore, using 
a dummy in the sitting stance represents a number of body positions immediately 
before the impact. 
5.2.2 Full-body and detached-head drop tests 
In order to find possible influences of the body on the impact responses of the head 
and helmet, helmet drop tests using the Hybrid III dummy (full-body) were simulated 
and compared with simulations of drop tests in which only the detached head of the 
dummy was used. To set up the impacts, requirements of the UNECE 22.05 
regulation were followed. It is notable that physical properties of the headform that 
this regulation employs to represent the 50th percentile human head and those of the 
Hybrid III headform are almost equal, as compared in Table 23. The skin of the 
dummy’s head was switched to rigid for these impact simulations.  
 
Table 23   Physical properties of two headforms 
Headform Mass (kg) Circumference (mm) Length (mm) Breadth (mm) 
50th percentile Hybrid 
III dummy 1 4.54±0.31 572±12 196±5 155±5 
UN ECE 22.05 size J 2 4.7±0.14 570 202 158 
1
 Yoganandan et al. (2009) 
2
 UNECE 22.05 (2002) 
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The FE model of the AGV-T2 helmet was positioned on the dummy’s head and its 
detached head so that the upward field of vision (which is an angle between the 
horizontal vision line and a line connecting an eyeball to the upper edge of the 
helmet) was approximately 7°. The front edge of the helmet was displaced towards 
the rear by 25 mm to follow the instructions of UNECE 22.05. After positioning, 
there was a small gap (less than 8 mm) between the head and liner, which is filled in 
the real helmet with the comfort liner. 
The head/liner and shell/anvil interfaces were defined using the automatic contact 
definition of LS-DYNA with the soft constraint penalty formulation (Hallquist, 2007). 
For the rubber skin/ liner interface, Mills et al. (2009) obtained a friction coefficient 
of 0.5, which was implemented in the FE model of the helmet. For the shell/anvil 
interface, a friction coefficient of 0.23 was used. This value was found by dividing the 
peak tangential force by the peak normal force applied on the anvil, which were 
recorded in experimental drop tests. 
The axis of the dummy’s body was horizontal and the orientation of the detached 
head was exactly the same as the orientation of the dummy’s head (Figure 37). In this 
configuration, the impact occurred near point B. The accident investigation of 
COST327 showed that 43% of motorcyclists impacted the opposite object at body 
impact angles in the range of 0°-15° (Figure 13). In addition, more than 23% of the 
helmets were impacted in the frontal side. Therefore, the impact configuration shown 
in Figure 37 represents a considerable percentage of real-world accidents. 
 
 
 
 
 
Figure 37   Helmeted Hybrid III dummy (left) and helmeted detached head of the dummy (right) 
impacting the anvil at point B. 
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The impacts were against a flat anvil at two impact velocities, 6 m/s and 7.5 m/s. 
The former was used in the COST study to perform the same comparison but 
experimentally. The latter is the velocity adopted by the UNECE 22.05 regulation. 
5.3 Experimental dummy drop tests 
In order to validate the FE model of the helmeted dummy, a 50th percentile male 
Hybrid III dummy in the sitting posture was equipped with the AGV-T2 helmet and 
drop tested at TRL (UK). The helmets were size M (57-58) and provided by Dainese 
S.p.A (Italy). They were positioned on the dummy’s head considering the peripheral 
vision requirements of UNECE 22.05 and the chin strap was fastened with a normal 
force. The neck of the dummy was calibrated before tests as per the FMVSS 572 
(1986) standard and recalibrated after 16 tests to make sure that its response remained 
in the relevant standard corridors. 
For these tests, flat and kerbstone anvils were employed. The anvils were fixed to a 
load-cell which was fixed to a steel base using bolts and nuts (Figure 38). The rigidity 
of the base and fixation was very important, because any small natural frequency 
could interfere with load and acceleration measurements. The base was constructed of 
a heavy steel table supported by two beams. The table and beams were hold together 
by four G-clamps at one end. At the other end, the beams were fastened to the ground. 
Any air gap between the beams and the ground could decrease the natural frequency 
of the base; this space was packed up with steel shims. 
 
 
 
Figure 38   Base, load-cell and anvil (left) and connection of beams to the ground (right). 
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The dummy was suspended in the air with two slings. The slings were hold 
(through an auto lock gate carabineer) by the closed jaws of a bomb release attached 
to the hook of an overhead crane (Figure 39). The drop height (the vertical distance 
between the impact point on the helmet and the corresponding point on the anvil) was 
adjusted by the crane and checked with a height ruler, as shown in Figure 40. Lifting 
the dummy could change its orientation so that the impact points on the anvil and the 
helmet were not on a vertical line. This could affect the repeatability of experiments 
when a kerbstone anvil was used. With the aid of a plump bob, the position of the 
impact point on the helmet relative to that on the anvil was checked and, if necessary, 
adjusted (Figure 40). 
 
 
 
Figure 39   The hoisted dummy (left) and the bomb release (right). 
 
 
The dummy was dropped in front, rear and side impact configurations, as shown in 
Figure 41. In the front impact, the body axis was horizontal and the sagittal plane was 
vertical. In the rear impact, owing to the flexibility of the lumbar spine, the body axis 
made an angle of 26° with the horizon under the gravity load, but the sagittal plane 
was vertical. For the side impact configuration, the coronal plane was horizontal. In 
all configurations, the head was displaced under the gravity load owing to the 
flexibility of the neck.  
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Figure 40   Adjustment of the drop height (left) and the impact point (right). 
 
 
Figure 41   Impact configurations. 
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The Hybrid III dummy is not biofidelic in side impacts because the Occipital 
Condyle joint of this dummy is a revolute joint with an axis normal to the coronal 
plane while in the human body, this joint has more degrees of freedom. Despite this 
fact, the Hybrid III dummy has been used before for side impacts (COST327, 2001, 
Pang, et al., 2009). In this research, the side impacts were carried out in order to 
collect a complete set of experimental data for the helmeted dummy. The results will 
be used to validate the FE model of the helmeted dummy although this model will not 
be used to compare full-body and detached-head drop tests in the side impact 
configuration. 
The impact velocity for all tests was 6 m/s, which is less than the impact speed set 
in UNECE 22.05. It was chosen to reduce the risk of damage to the dummy. In a free 
fall, the height at which an object reaches this speed from zero is 1835 mm. A laser 
timer was installed to measure the speed of the dummy just before the helmet contacts 
the anvil. Two reflective strips were attached to a plate mounted on a suitable part of 
the dummy. The distance between the leading edges of the strips was 100 mm. The 
laser beam was adjusted to point on the upper strip when the helmet was in contact 
with the anvil (Figure 42). The timer started when the leading edge of the lower strip 
cut the beam and stopped when the same edge of the upper strip cut the beam. Since 
in a free fall the speed of an object increases with a g (gravity) rate, the impact 
velocity is calculated from the following relation: 
20
tg
t
dV ∆+
∆
=  
where d is the distance between the leading edges of the reflective strips and ∆t is the 
time measured by the timer. 
 
 
 
Figure 42   Speed measurement. 
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The head of the dummy was instrumented with a nine accelerometers package 
(NAP) in a 3-2-2-2 array (Figure 43). This array, which was first proposed by 
Padgaonkar et al. (1975), allows for calculating the three components of rotational 
acceleration of the head using the outputs of the accelerometers. For the relevant 
relations and their derivation, please refer to appendix D. A standard load-cell was 
mounted at the Occipital Condyle joint to measure forces and moments at this joint. 
Another load-cell was located under the anvil to measure the normal and tangential 
components of the impact force. In total, 18 channels were connected to a DTS data 
logger. The data acquisition frequency was 38 kHz. A high speed video camera was 
used to film the impacts at 500 frames per second. 
 
 
 
Figure 43   Head and neck instrumentation. 
 
 
5.4 Results 
5.4.1 Experimental dummy drop tests 
The recorded data were filtered with a Butterworth filter order 4 at an 800 Hz cut-
off frequency. In Table 24, the maximum values of the head resultant linear 
acceleration (|a|max) and the normal force at the anvil/helmet interface (FN,max) are 
reported. Rotational acceleration of the head had two peaks (or valleys). The first 
peak, which was associated with the loading phase (explained later), is reported in this 
table. Figure 44 illustrates the positive direction of head rotational acceleration and 
moment components. The 123 frame is an inertia frame and the xyz frame is fixed to 
the head. The neck force and moment were measured in the latter. 
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Table 24 also presents the mean values, standard deviations (SD) and coefficients 
of variation (CV). As can be seen, the data are more scattered when the kerbstone 
anvil was used. The coefficients of variation of |a|max and FN,max are less than 10% for 
all impacts except the side impact on the kerbstone anvil. This can be attributed to the 
added complexity of the system by using a kerbstone anvil. In addition, for side 
impacts more data scatter was expected owing to the irregular shape of the shell and 
attachments of the visor and chin strap to the shell. 
 
 
Figure 44   Positive directions of angular acceleration and force and moment components (only 
half of the helmet is shown). 
 
 
Table 24   Results of dummy drop tests 
Impact configuration Front Rear Side 
Anvil Flat Kerb Flat Kerb Flat Kerb 
Number of tests 3 4 4 4 4 5 
Mean 121.1 113.3 122 108.8 162.8 161 
SD3 1.6 8.3 3.9 4.7 11.5 20 |a|max (g) 
CV4 (%) 1.3 7.4 3.2 4.3 7.1 12.6 
Mean 4542 3792 -6358 -7169 8027 7381 
SD 412 443 386 1315 535 583 αx
1
 or αy
2 
(krad/s2) CV (%) 9.1 11.7 6.1 18.3 6.7 7.9 
Mean 6.9 6.1 6.5 5.5 8.9 9.2 
SD 0.0 0.6 0.2 0.1 0.5 0.7 FN,max (kN) 
CV (%) 0.7 9.9 3.3 2.2 6.2 7.7 
Mean 105.7 88.3 -51.3 -29.3 -59.3 -59.6 
SD 4.0 19.9 13.2 16.4 5.8 10.1 Mnx
1
 or Mnxy2 
(N.m) CV (%) 3.8 22.6 25.7 56.1 9.7 16.9 
     1) side impact 
     2) front and rear impacts 
     3) standard deviation 
     4) coefficient of variation 
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For all impacts, the variation of rotational acceleration was less than 10%, except 
the front and rear impacts onto the kerbstone anvil. The rear impact resulted in high 
deviations of the rotational acceleration and neck moment. Analysis of the high speed 
camera movies revealed that in two of four rear impacts onto the kerbstone anvil, the 
helmet collided the anvil at a point slightly away from the expected impact point 
(which is the lowest point on the helmet), as shown in Figure 45. The same 
phenomenon was detected for the front impacts on the kerbstone anvil shown in the 
same figure. A slightly displaced impact point did not affect linear acceleration nor 
the normal force but it influenced the neck moment (and force as reported in appendix 
E) and rotational acceleration of the head. It can be concluded that the repeatability of 
the tests was very good with respect to the linear acceleration and normal force, and it 
was acceptable in connection with other parameters when a flat anvil was used. 
 
 
Figure 45   Snapshots showing slightly missed impacts (left) and accurate impacts (right). 
 
 
5.4.2 Validating the FE model of the dummy 
As mentioned before, when the dummy was hoisted, it deformed under the gravity 
force owing to the flexibility of its neck and lumbar spine. The vertical displacement 
of the centre of gravity of the head was small for front and side impact configurations, 
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but it was approximately 130 mm for the rear impact configuration. In order to 
simulate the experiments precisely, FE model of the helmeted dummy was 
prepositioned. Gravity was applied to the helmeted dummy FE model while the 
dummy was supported at its waist (and chest for front and side impacts). During these 
prepositioning simulations, the fine meshed parts of the helmet and dummy were 
switched to rigid so as to increase the time step. After prepositioning, the contacts 
between the waist (and the chest for front and side impacts) and the supports were 
deleted and the parts that had been switched to rigid were switched back to 
deformable. Then, an initial impact speed of 6 m/s was applied to the dummy and 
helmet. Six simulations including impacts onto flat and kerbstone anvils at front, rear 
and side sites were performed. Figure 46 shows FEA results of the front impact onto a 
flat anvil compared with the experimental results (similar plots for other impacts are 
reported in appendix E). 
As can be seen in Figure 46, head rotational acceleration has two peaks. The first 
peak obtained by the FEA is considerably less than the experimental peaks. It can be 
attributed to the higher magnitude of the FE predicted neck compressive force, Fnz. 
The dummy’s neck is made of rubber cylinders separated by aluminium discs 
representing vertebras. However, in the FE model of the dummy the rubber cylinders 
were replaced with spherical joints, which were not flexible under axial loading and 
induced a higher compressive force at the head/neck joint. The postponed peak of the 
anvil force can also be attributed to this difference. 
Crushing of the helmet decelerated the head with a growing contact force up to 8 
ms. Meanwhile, the body continued its movement owing to its relatively large mass, 
as shown in Figure 47. The head/body relative movement produced a high moment on 
the head. A decrease in the head contact force after helmet crushing resulted in the 
second peak of the rotational acceleration under the head/neck moment. Since the 
peak of the FEA head/neck moment is noticeably higher than the experimental peaks, 
the second peak of head rotational acceleration is also higher. Decreasing the 
rotational stiffness of the neck joints can decrease this peak.  
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Figure 46   FEA results of the AGV-T2 helmet front impact onto a flat anvil at a 6 m/s impact 
velocity using a Hybrid III dummy compared with the experimental results for the same impact, 
shown as dashed curves. 
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Figure 47   Movement of the body in the front impact test, compared with the FEA; a) 0 ms, b) 4 
ms, c) 8 ms and d) 12 ms. 
 
 
The influence of the body on helmet drop test results is the consequence of the 
forces and moments which are applied on the head through the neck. When studying 
this influence, the focus should be on the loading phase because helmets absorb 
energy in this phase. The comparisons given in Figure 46 and appendix E indicate that 
the FE model of the helmeted dummy tends to give good predictions in various 
impact configurations, at least in the loading phase. 
5.4.3 Full-body vs. detached-head drop tests 
As mentioned before, the FE model of the AGV-T2 helmet was coupled with the 
models of the Hybrid III dummy and its detached head and dropped onto a flat anvil 
at point B. In Figure 48, |a| and the helmet/head interface contact force in the direction 
normal to the anvil pointing towards the head (FhN) are plotted for drop tests at 6 m/s. 
It should be noted that the front edge of the helmet was displaced towards the rear by 
25 mm to comply with the instructions of UNECE 22.05, while in the experiments 
and corresponding simulations it was not displaced. As shown in this figure, FhN was 
increased as a result of the presence of the body, but its maximum value was still less 
than the threshold of skull fracture, 11.9 kN (Yoganandan, et al., 1995). Another 
consequence of including the body was a decrease in |a|, which can be related to the 
component of the neck force
 
that acts on the head in the direction opposite to FhN. The 
value of this force is probably dependent on the stiffness of the neck and the inertia of 
the rest of the body. The comparisons shown in Figure 48 are consistent with those 
reported in COST 327 for similar drop tests. 
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Figure 48   Results of full-body and detached-head drop tests at 6 m/s. 
 
 
The crushing distance of the liner (∆h) is an impact output which is of a vey high 
importance because it can indicate the probability of bottoming out of the liner. This 
parameter was not reported in previous full-body impacts due probably to the 
limitations of experimental studies. In this study, to calculate ∆h, the initial clearances 
at the head/liner, liner/shell and shell/anvil interfaces were subtracted from the 
maximum displacement of the head normal to the anvil. As reported in Table 25, ∆h 
was larger when the dummy was used. 
 
 
Table 25   Results of drop test simulations 
Impact Type V0 (m/s) |a|max (g) HIC FhN,max (kN) ∆hmax 
6 133 597 5.5 27 Detached-head 
7.5 216 1274 8.9 34 
6 113 499 7.6 33 Full-body 
7.5 278 1613 17.2 38 
6 123 487 7.4 33 Modified Detached-head 
7.5 265 1523 16.0 38 
 
 
The results of the dummy drop test at 7.5 m/s are plotted in Figure 49. This figure 
shows that |a| rises suddenly after 6 ms and exceeds that of the detached head. This is 
in contrast to the behaviour shown in Figure 48 and that reported in previous 
experimental studies (Aldman, et al., 1976, Aldman, et al., 1978a, Aldman, et al., 
1978b, COST327, 2001). This phenomenon is the consequence of the bottoming out 
of the foam liner. Increasing the impact speed from 6 m/s to 7.5 m/s caused more 
deformation of the liner such that its maximum compressive strain in the crushed 
region was 91% (using a thickness of 42 mm) for the dummy drop test. As reported in 
Table 25, |a|max exceeded the limit set in the UNECE 22.05 (275 g) and FhN,max was 
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far larger than the skull fracture threshold. It can be concluded that the energy 
absorption capacity of the helmet was not sufficient for this impact. 
 
 
 
Figure 49   Results of full-body and detached-head drop tests at 7.5 m/s. 
 
 
The helmet liner is usually designed to reach a maximum compressive strain, when 
drop tested according to standard procedures, which is not in the densification region 
of its compressive stress-strain curve in order to avoid bottoming out. Current 
standards employ a headform in drop tests, while real-world accidents are full-body 
and as it was shown the liner is more compressed in full-body than detached-head 
impacts. This implies that the current helmet standards underestimate the liner 
crushing distance. Now the question is how the standard test method can be modified 
to include the effect of the body. To answer this question, an analytical model was 
proposed for the standard drop test, which is explained in the next section. 
5.5 Analytical model of standard drop test 
FE models of helmet drop tests provide detailed outputs for a specific helmet in 
completely defined impact conditions, whereas a suitable analytical model can 
provide insights into the relations between the impact initial and boundary conditions 
and its outputs. In this section, an analytical model of the impact response of helmeted 
headforms is explained. This model results in closed-form equations, revealing the 
relations between input and output parameters. These equations will be used to 
investigate possible ways of modifying the standard drop test method in order to take 
into account the effect of the body. 
Two parts of a helmet absorb impact energy: the liner and the shell. The liner is 
usually made of EPS, whose typical stress-strain curve has a wide plateau region. 
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Gilchrist and Mills (1994) assumed a constant yield stress (σY) for the liner under 
compression and derived the following relation between the normal force on the 
helmet (FN) impacting a flat anvil, and the central deflection of the liner (y): 
 
yRF YN σpi2=  (5-1) 
 
The helmet was assumed to be locally spherical with radius R. For impacts onto 
kerbstone or spherical anvils, this radius should be replaced with an equivalent radius 
using the relation between equivalent curvatures. For instance, for the impact of a 
helmet with a local radius of Rh onto a spherical anvil with a radius of Ra, we have: 
 
ah RRR
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Eq. (5-1) was found to give a good approximation of the impact behaviour of thin-
shelled helmets such as bicycle helmets. The relatively stiff shell of motorcycle 
helmets can increase the contact area for impacts with kerbstone or spherical anvils. 
This effect can be taken into account by increasing R, as shown in (Gilchrist and 
Mills, 1994). 
Another function of the shell is to absorb part of the impact energy. Its contribution 
to energy absorption is usually 10 to 30% (Shuaeib, et al., 2002), which is a 
considerable portion. Absorption of the kinetic energy by the shell reduces the speed 
of the helmet and headform. Therefore, it can be assumed that the impact of a helmet 
onto an anvil is equivalent to the same impact but at a reduced impact velocity when 
the shell is removed. To calculate the reduced impact velocity, the energy 
conservation principle is employed as follows: 
 
linershell IEIEmV +=
2
02
1
 (5-2) 
 
where m is the mass of the helmet and headform and IE is the internal energy 
(combination of the elastic energy and dissipated energy) at the instance that the 
velocity is zero just before rebounding. Using the ratio of the total internal energy to 
the internal energy of the liner (α), the above equation can be written as: 
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 (5-3) 
 
or 
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Thus, the reduced impact velocity (V0,r) is: 
 
α
0
,0
V
V r =  (5-5) 
 
By replacing the impact velocity with the reduced impact velocity, the shell can be 
ignored in the model. It was also assumed that the liner and headform are one rigid 
body whose centre of gravity is located at the centre of gravity of the headform. By 
using Newton’s second law and substituting for force from eq. (5-1), we have: 
 
yRym Yσpi2−=&&  (5-6) 
 
The earth’s gravity is not considered in this equation as it is negligible compared to 
accelerations expected in helmet drop tests. Assuming y(0)=0, the solution to the 
differential eq. (5-6) is: 
 
,sin)( ,0 tVty r ω
ω
=     
m
R Yσpiω 2=  (5-7) 
 
The derivation of peak linear acceleration of the headform (amax), the maximum 
normal force on the anvil (FN,max) and the maximum compression of the liner (∆hmax) 
is straightforward from eqs. (5-1), (5-6) and (5-7): 
 
Y
r R
m
V
a σpi2,0max =  (5-8) 
YrN RVmF σpi2,0max, =  (5-9) 
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Head linear acceleration in eq. (5-8) is equivalent to |a| since the model has only one 
translational degree of freedom. 
Eqs. (5-8), (5-9) and (5-10) may not be used for final design of helmets but they 
can provide very useful information about the relation between impact inputs, main 
properties of the helmet and impact outputs. For example, they predict that in order to 
decrease acceleration of the headform by 20% the yield stress of the foam (which is a 
function of its density) should be decreased by about 36%. In addition, the thickness 
of the liner should be increased because by decreasing σY, ∆hmax will increase by 
about 25%. These equations are used in the next section to suggest how the standard 
helmet drop test can be modified in order to take into account the important effect of 
the body. 
5.6 Modified headform 
It was shown that the presence of the whole body results in further crushing of the 
liner. Therefore, the body has an important effect, which should be considered in the 
helmet impact absorption test. Since using a dummy to test helmets has a drastic 
impact on their price, other measures should be adopted. 
The results given in Table 25 indicate that when the liner was not loaded beyond 
its energy absorption capacity (V0 = 6 m/s), |a|max was lower in the full-body impact, 
but FhN,max and ∆hmax were greater. Referring to eqs. (5-8), (5-9) and (5-10), the only 
modification to the helmeted headform impact inputs that influences the outputs in the 
same way is increasing the mass of the headform.  
The increased mass of the headform can be estimated with a simple approach. 
From Newton’s second law for the rigid head of the dummy in the direction normal to 
the anvil, we have: 
 
FhN/aN  = −FnN/aN + mh (5-11) 
 
where FnN  is the head/neck joint force and mh is the mass of the head. The subscript N 
refers to the direction normal to the anvil pointing towards the head. −FnN/aN, which 
has a positive value in the loading phase, has the dimension of mass. It can be 
interpreted as a mass that should be added to the mass of the head if the rest of the 
112 
body is removed in order to maintain FhN /aN at the same level. In other words, 
−FnN/aN is the contribution of the body through the neck to generating higher FhN /aN. 
−FnN/(mh aN), a dimensionless parameter, is the ratio of the added mass to the mass of 
the head, which will be denoted by γm. This parameter, called the “added mass index”, 
can be used to evaluate the influence of the body through the neck on |a|max, FhN,max 
and ∆hmax. 
Figure 50 plots γm for the helmeted Hybrid III dummy virtual drop test at 7.5 m/s. 
As shown in this figure, γm is not constant during the impact. It varies slightly until the 
peak acceleration occurs. Then, it increases with a steep slope as acceleration falls 
towards zero. As the aim was to include the body effect on |a|max, FhN,max and ∆hmax, 
which occur at approximately the same time, the value of γm at the peak head 
acceleration, 0.43, was chosen to calculate an increased mass for the detached head of 
the dummy. The detached head of the dummy was modified by increasing its mass 
and moment of inertia components by γm = 0.43, and it was virtual drop tested with the 
helmet in the same impact conditions.  
 
 
 
 
Figure 50   Added mass index for the helmeted dummy drop test (left) and comparison of the 
results using γm=0.43 (right); at a 7.5 m/s impact velocity; F: full-body, DH: detached-head and 
MDH: modified-detached head. 
 
 
Figure 50 compares |a| between the full-body, modified detached-head and 
detached-head drop tests. The head acceleration curve obtained from the modified 
detached-head drop test compares well with that of the dummy drop test, which is 
remarkable because it is acknowledged that both the acceleration level and its dwell 
time are indicators of head injury (as discussed in chapter 2). As a result, HIC, which 
is a function of linear acceleration vs. time, was predicted with a less than 6% error as 
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presented in Table 25. FhN,max, which is an indicator of skull fracture, was also 
predicted precisely using the modified detached head. The most important impact 
output, ∆hmax, was also replicated successfully. Therefore, a suitable value was 
selected for the added mass index for the given impact conditions. 
5.7 Discussion 
A validated FE model of the Hybrid III dummy equipped with the FE model of a 
commercially available helmet was used to simulate full-body helmet drop tests. The 
results were compared to the results of the same impacts but by using the detached 
head of the dummy. It was shown that including the whole body in the impacts 
reduced |a|max when the foam liner at the crushed region did not enter the 
densification region of its characteristic stress-strain curve, but it increased FhN,max and 
∆h,max. These results are similar to the experimental findings reported in COST (2001) 
for an impact velocity of 6 m/s, except for the crushing distance of the liner, which 
was not reported in this reference. An increase in the impact velocity from 6 m/s to 
7.5 m/s caused complete bottoming out of the liner in the full-body impact and 
consequently a very high contact force and head acceleration. These results raise 
doubts about standard helmet testing procedures, which employ a headform. 
Using a dummy to drop test helmets is cumbersome and would have a drastic 
impact on their price. A simple yet economical way of including the effect of the body 
in drop tests is to use a headform but to change one (or more) impact conditions. The 
closed-form equations suggested that increasing the mass of the headform can 
replicate the influence of the body on |a|max, FhN,max and particularly ∆h,max. The 
comparison between the results of drop tests using the dummy and its detached head 
modified by increasing its mass confirmed this hypothesis. It should be noted that 
although there are many multi-body models of the human body, it is very difficult to 
model the helmet and the head/helmet and helmet/anvil interfaces in relevant codes. 
Hence, in the current study, FE models were used to determine the added mass. 
The application of the proposed analytical model was to discuss about a suitable input 
parameter that can be modified in a headform impact to include the effect of the body. 
Another impact condition that may be changed is the impact velocity. Increasing 
this parameter, however, does not affect all the outputs in the same way as increasing 
the headform mass does. Eqs. (5-8), (5-9) and (5-10) indicate that an increase in the 
impact velocity increases FhN,max and ∆h,max, but it also augments |a|max. This change 
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may be implemented in drop test methods but it should be accompanied by increasing 
the acceptance limit of |a|max; otherwise helmets cannot be designed and optimised so 
that their whole capacity will be used in protecting the head. To clarify this point, the 
dummy drop test at 6 m/s is compared to the detached-head drop test at 7.5 m/s. As 
presented in Table 25, ∆h,max was the same in both impacts, but |a|max and HIC were 
approximately two times higher in the detached-head impact. It may be argued that 
the limits set for these injury indicators in the standards are already increased1. 
However, this implies that helmets designed to pass these standards are efficient at an 
impact velocity lower than the adopted impact velocity. For instance, helmets 
certified by UNECE 22.05 are probably efficient at a 6 m/s impact speed for impacts 
at point B. It should be mentioned that this conclusion is based on using the Hybrid III 
dummy as a surrogate for the human body. 
Using a heavier headform with the same limit for head linear acceleration can 
cause helmet manufacturers to use foams with higher yield stress (stiffer foams); a 
conclusion that can easily be drawn from eq. (5-8). However, there might be some 
real-world impact conditions in which head virtually decouples from the body, for 
instance when the body is stopped by an obstacle before the head impacts another 
object. Consequently, a helmet that has passed the new test method may induce higher 
head decelerations due to its stiffer liner as compared to a helmet approved by the 
current standard test. Consider a helmet that has been designed to pass the new test 
method so that peak headform acceleration is equal to the limit of head acceleration 
(A). For this helmet, from eq. (5-8), we have: 
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In impact conditions that the head decouples from the body, γm is zero. If the impact 
speed and site are the same as those of the standard test, the right hand side of the 
above equation becomes larger than A. To avoid such a design, the head linear 
acceleration limit set in the standard should be decreased to: 
 
                                                 
1
 In fact this is true with respect to HIC. The acceptance limit of HIC in UNECE 22.05 is 2400, while 
the threshold of serious head injuries (AIS3) is approximately 1500. 
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With this modified limit, the new design of the helmet has to satisfy the following 
equation: 
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where γm is not involved anymore. This limit of acceleration should be reduced the 
most when mhelmet<<mh, which results in A´= A /(1+γm)0.5. For γm= 0.43, A´=0.84A. 
Only decreasing the limit of acceleration cannot replicate the influence of the body 
in headform drop tests. This change probably results in using softer and thicker foams 
in helmets, but still the crushing distance of the liner is underestimated due to 
employing a headform. In other words, a helmet that has passed the headform drop 
test with a decreased limit of acceleration may bottom out when the headform is 
replaced by the whole body. 
The value that was obtained for γm was based on using the Hybrid III dummy as a 
surrogate for the whole body. This dummy was developed to study car frontal 
impacts, in which the head is under indirect loading. Some researchers believe that 
this dummy is not suitable for investigating direct impacts to the head, such as 
motorcycle accidents, because its neck is too stiff in the axial direction (Herbst, et al., 
1998). A new test dummy neck with improved biofidelity has been designed to 
replace the modified Hybrid III neck used in an early version of ISO 13232 (Withnall 
and Fournier, 1998). This neck addresses the posture and multi-directional biofidelity 
required for motorcyclist anthropomorphic test devices. In sled tests, its response 
compared to volunteer test corridors was better than the response of the Hybrid III 
neck (Withnall, et al., 2003). However, no study was found in literature that has 
investigated its biofidelity under direct impact loading, such as in inverted drop tests. 
Therefore, the Hybrid III neck was employed in this work as its behaviour under 
direct loading has been addressed in several studies (Frechede, et al., 2009, Herbst, et 
al., 1998, Sances, et al., 2002). In addition, it was available within the consortium. 
The biofidelity of the Hybrid III dummy to extract γm has been investigated by using a 
detailed FE model of the human body in similar impacts. In the next chapter, this 
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model is explained and the helmet drop test results obtained by using this model and 
Hybrid III are reported and compared. 
5.8 Conclusions 
A commercially available helmet was drop tested by using the Hybrid III dummy 
and its detached head. It was shown that the presence of the body increases the liner 
crushing distance. This effect caused complete bottoming out of the liner at the 7.5 
m/s impact speed and consequently the large head acceleration and normal force. 
Using the solution to the analytical model of the helmet drop test and the FEA results, 
it has been shown that increasing the mass of the headform can be a simple yet 
appropriate way of including the effect of the whole body in drop tests.  
A dimensionless parameter called the added mass index has been defined, which is 
the ratio of the proposed increase in the headform mass to its original mass. By using 
this index, it is possible to quantify the effect of the body on the head and helmet 
impact responses. 
It has been shown that increasing the mass of the headform in drop tests based on 
the results obtained by using the Hybrid III dummy may lead to a stringent test 
method only if the limit of head linear acceleration set in the standard is decreased by 
(1+γm)0.5. 
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6 Full-Body Normal Impact Test Using THUMS 
 
 
6.1 Introduction 
In the previous chapter, it was shown that in helmet normal impact tests the 
presence of the body affects the head and helmet impact responses and that it can 
cause bottoming out of the liner. It was also shown that this effect can be taken into 
account in standard drop tests, which employ a headform, by increasing the mass of 
the headform. However, the increased mass of the headform was obtained for one 
impact configuration. Moreover, the Hybrid III dummy was used as a surrogate for 
the human body, while it has been criticised for not reproducing the behaviour of the 
human neck when the head is subjected to direct loading (Herbst, et al., 1998). 
In this chapter, the impact responses of the head and helmet in full-body normal 
drop tests are further studied. The first aim was to investigate the biofidelity of the 
Hybrid III dummy to calculate the increased mass of the headform. For this purpose, 
the FE model of the helmeted Hybrid III dummy was used to simulate full-body drop 
tests and calculate increased masses for several impact configurations. A validated 
detailed FE model of the human body, called THUMS, was also employed in the 
same virtual tests and the results were compared with the results of the Hybrid III 
impacts. The second aim was to explore whether or not the body influence is 
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dependent on the impact configuration. There is a possibility that the increased mass 
is dependent on the impact site. Furthermore, it may be a function of the body impact 
angle. The AGV-T2 helmet was used to calculate the increased mass. If this mass is to 
be adopted by standards, it should not be dependent on the type of the helmet. 
Therefore, another aim was to investigate if the increased mass changes by varying 
the properties of the helmet.  
6.2 Methodology 
As explained in the previous chapter, the AGV-T2 helmet was used to simulate 
full-body impacts onto a flat anvil with the Hybrid III dummy. However, the Hybrid 
III neck is at least twice as stiff as the human neck under dynamic axial compressive 
loading (Herbst, et al., 1998) and therefore it cannot represent the human neck in 
these impact conditions. In addition, modelling the rubber cylinders with spherical 
joints may exacerbate the compressive response of the neck. The last issue was 
investigated by comparing experimental and FE results in the previous chapter. It was 
found that the FE predicted neck axial force (Fnz) was in good agreement with 
experimental results although it was slightly larger. To assess the biofidelity of the 
Hybrid III neck, it was decided to compare the impact response of the FE model of 
the helmeted dummy with that of a very detailed FE model of the human body, called 
THUMS (Total Human Model for Safety), equipped with the same helmet. 
The 50th percentile male pedestrian model of THUMS (THUMS, 2008) was 
available at LMU (Ludwig Maximilians University, Germany), which is one of the 
partners of the EU research training network, MYMOSA. This model was used during 
a short secondment at LMU. The model is composed of 145000 elements including 
67800 solid, 74000 shell and 3200 beam elements. The THUMS’ neck is modelled 
with seven vertebras (C1-C7), intervertebral disks, cartilages, ligaments and muscles, 
as shown in Figure 51. It is connected to the head and thorax through other ligaments 
and discs. Contact has been defined between all vertebras, C1 and skull and C7 and 
T1.  
The neck and other parts of THUMS have been validated through simulating 
volunteer and cadaver experiments (Chawla, et al., 2005, Chawla, et al., 2004, 
Kitagawa, et al., 2006). For instance, Chawla et al. (2005) simulated frontal impact 
tests of  Mertz et al. (1971), rear impact tests of Ono and Kaneoka (1999) and torsion 
tests of Myers et al. (1989). The frontal impact tests were carried out on volunteers 
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and cadavers to study whiplash and the results were response envelopes for extension 
and flexion modes of the neck (Mertz and Patrick, 1971). In the experiments of Ono 
and Kaneoka (1999), ten volunteers sitting on a sled were subjected to low speed rear 
impacts and motion of the cervical vertebras were recorded. Myers et al. (1989) 
performed dynamic torsion tests on cadaver cervical spines and reported moment-
angle responses. The validation study of Chawla et al. (2005) showed that THUMS 
successfully reproduced most of the experimental data. None of these experiments 
included direct impact loading on the head, which occurs in helmet drop tests. When 
the head is subjected to direct impact loading, large axial forces are expected to occur 
in the neck. The response of the THUMS’ neck under direct impact loading is 
investigated in the next section. 
 
 
 
Figure 51   Head and neck of THUMS. 
 
 
The head of THUMS is made of approximately 240 parts, most of which are 
deformable. To enable measuring the head accelerations during drop test simulations, 
similar to the Hybrid III dummy, all deformable parts of the head were switched to 
rigid, and together with its other parts, were constrained to an inertia part located at 
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the C.G. of the head. Inertial properties of the head, i.e. the mass and the inertia 
matrix, were calculated by using LS-DYNA and specified for this part.  
The AGV-T2 helmet was positioned on the head, considering the upper and lower 
vision field angles, defined in UNECE 22.05. The chin strap was passed through the 
hole of the cheek foam and below the neck. In a pre-simulation, the chin strap was 
tightened with a 5 N force. Then, the nodes and elements were imported to the main 
model without pre-stress. 
6.2.1 Response of the THUMS neck to axial impacts 
In full-body drop tests, the head is stopped by the impact load but the rest of the 
body continues its movement, which probably causes large axial loads in the neck. In 
order to investigate the response of the THUMS neck during axial impacts, the 
experiments of Alem et al. (1984) were simulated. In these experiments, five cadavers 
were placed on a table and the vertex of the head was hit with a cylindrical striker 
along the axis of the body.  Thick layers of a soft cushion were placed between the 
body and the table, which allowed for a relatively free motion of the spine. The initial 
position and alignment of the cervical spine was adjusted to mimic the natural 
curvature of the human neck in standing or sitting postures. 
A layer of foam was attached to the striker to increase the duration of the impact 
force pulse and to minimise local skull fractures. The contact force between the striker 
and head was measured versus time and projected on the anatomical axes of the head, 
i.e. posterior-anterior (PA), inferior-superior (IS) and right-left (RL) axes. Linear and 
rotational accelerations of the head were measured by using a nine accelerometers 
array. The mass of the head was estimated by inserting its dimensions in a regression 
model based on measurements of several cadaver heads. Finally, using the Newton 
second law, the head/neck interaction forces at the occipital condyles were calculated. 
The mass of the cadaver heads ranged from 3.32 kg to 4.64 kg. The mass of the 
THUMS head (4.91 kg) was slightly greater than the heaviest cadaver head. Since the 
experimental head/striker contact force (|Fh|max in Table 26) was too small to cause 
considerable skull deformations or skull fracture, all parts of the THUMS head were 
switched to rigid to reduce the time of simulation and furthermore allow to directly 
record linear acceleration of the head. 
The material properties of the foam used to pad the striker were not reported. 
Therefore, several trial and errors would be needed to obtain an impact force versus 
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time in simulations, which is reasonably close to experimental data. Instead, the 
components of the contact force along the anatomical axes of the head, which were 
reported for one impact case, were applied to the vertex of the head. Linear 
acceleration of the head was measured along these axes. The occipital condyle forces 
were calculated by using the Newton second law and compared to the experimental 
data. In modelling, no constraint was applied to the body. 
Acceleration of the head in the inferior-superior direction obtained from the FEA is 
compared with experimental acceleration in Figure 52. The peak acceleration was 
considerably underestimated. It might be the result of the greater mass of the THUMS 
head as compared to the mass of the cadaver head used in the experiment (3.64 kg). 
Nonetheless, there is a good correlation between the occipital condyle forces in the 
axial direction albeit being slightly lower in FEA. As shown in Table 26, the FE axial 
and shear forces at the upper neck were slightly lower than the lower bound of the 
experimental data. Therefore, the response of the THUMS cervical spine is fairly 
close to the behaviour of the cadaver cervical spine, although it underestimates the 
neck force. 
 
 
  
Figure 52   Results of FEA of axial impact onto THUMS’s head compared with experiment no. 
79H204 of Alem et al. (1984). 
 
 
Table 26   Results of FEA of axial impact onto THUMS’s head compared with experiment nos. 
79H201 to 79H205 reported in Alem et al. (1984). 
 m (kg) |Fh|max (kN) |a|max (g) |Focc,IS|max 
(kN) 
|Focc,AP|max 
(kN) 
|Focc,RL|max 
(kN) 
Experiments 3.32-4.64 3.9-5.2 63-80 2.5-3.5 1.0-1.7 0.4-0.7 
FEA 4.91 4.1 49 2.3 0.8 0.2 
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6.2.2 Hybrid III dummy vs. THUMS 
 
 
 
 
Figure 53   Body impact angle (φ) and neck angle (ψ) (the latter was only used for the Hybrid III 
dummy). 
 
 
There were some global differences between the FE models of THUMS and the 
Hybrid III dummy. Firstly, the THUMS model was in standing posture while the 
dummy was sitting. Secondly, the angle between the neck axis and body axis of the 
dummy (ψ, shown in Figure 53) was 26.4°, whereas this angle was zero for THUMS. 
The influence of the stance of the dummy and its neck angle on helmet drop test 
results were investigated by using three modified FE models of the dummy, presented 
in Table 27. The zero neck angle, ψ = 0°, was achieved by rotating the neck, head and 
helmet around 2 axis by -26.4°. To position the dummy in standing posture, the legs 
and feet were rotated -85° around 2 axis centred on knee joints; then the entire lower 
extremities including thighs, knees, legs and feet were rotated 90° around 2 axis 
centred on the H point (a point located in the pelvic cavity and usually used for 
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positioning). Thirdly, the masses of the heads of the dummy and THUMS were 
different, as reported in Table 28. This problem was also tackled by using the added 
mass index, which was introduced in the previous chapter. The total body masses of 
the models are approximately equal. The sitting dummy has smaller Ixx and Iyy but a 
greater Izz as compared to THUMS. 
 
 
Table 27   Drop test configurations 
Site φ (°) V0 (m/s) Comments 
Front 15 
Side 0 
Rear 15 
7.5 For comparing the impact response of the Hybrid III dummy 
between three body stances: 1) sitting and ψ = 26.4°, 2) sitting 
and ψ = 0° and 3) standing and ψ = 0°. 
Front 
Side 
Rear 
0,   15, 
30, 45, 
60, 90 
7.5 THUMS was dropped in all configurations, whereas the 
Hybrid III dummy was dropped in some of them to compare 
its response with THUMS. 
 
 
Table 28   Inertial properties of the human models used in this study (the reference frame is 
shown in Figure 44) 
  
M 
(kg) 
Ixx 
(kg cm2) 
Iyy 
(kg cm2) 
Izz 
(kg cm2) 
Ixz 
(kg cm2) 
Hybrid III 4.4 198 240 181 -30 Head THUMS 4.9 216 262 199 -41 
Hybrid III 78.3 68900 89000 36100 -25700 Whole 
Body THUMS 78.1 150800 146900 11200 2600 
 
 
6.2.3 Impact Configurations 
The Hybrid III dummy and THUMS, both equipped with the AGV-T2 helmet, 
were used to simulate drop tests in several impact configurations defined in Table 27. 
The body impact angle φ was defined as the angle between the tangent to the anvil 
surface and either the neck axis of the dummy or the body axis of THUMS, as 
illustrated in Figure 53 for impacts at the front site. The side impact configuration was 
obtained when the dummy was rotated around its neck axis and THUMS was rotated 
around its body axis by 90°. A rotation of 180° around these axes from the front 
impact configuration positioned the models in the rear impact configuration. The 
impact velocity was in the direction of axis 1, which means only normal impacts were 
simulated. 
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6.2.4 Varying helmet properties 
One of the aims of this chapter was to find out if the added mass index is 
dependent on the type of helmets. Eqs. (5-8) to (5-10) show that the geometry (R) and 
mechanical properties (σY) of the foam affect the impact outputs in the same manner. 
Since R cannot be varied as much as σY, σY was varied to obtain a wide range of 
impact outputs that can represent impact responses of a number of current helmets. 
Three different densities were used for the main foam: 20, 60 and 80 kg/m3. The 
required inputs for MAT63 were obtained from eqs. (4-1) to (4-5). Another model of 
the helmet was created by replacing the composite layers of the shell with an ABS 
material, which is economic compared to composites. ABS was modelled with a 
bilinear kinematic hardening plasticity model (MAT3 of LS-DYNA) as suggested by 
Chang et al. (2000).  Its material properties were also adopted from their study, which 
were the density: 1200 kg/m3, Young’s modulus: 3 GPa, Poisson ratio: 0.42, yield 
stress: 60 MPa and hardening modulus: 1 GPa. Five through-thickness integration 
points were defined and the material model was assigned to them. The shell had a 4 
mm thickness. The models of the helmet were coupled with the head of THUMS as 
explained before and dropped onto a flat anvil at a 7.5 m/s impact velocity in a 
front/30° (impact site/body impact angle) impact configuration. 
6.3 Results 
6.3.1 Dummy’s posture and neck angle 
As mentioned earlier, the THUMS FE model was in standing posture whereas the 
Hybrid III FE model was sitting and had a different neck angle. To be able to compare 
their impact responses, it was necessary to evaluate the influence of different stances 
of the dummy on its impact outputs. Figure 54 compares the FE drop test results of 
the helmeted dummy with different stances for front, side and rear impact sites. As 
can be seen, for each impact site there is no considerable difference between head 
linear accelerations. Similar graphs for the head rotational acceleration and normal 
anvil force, which are not shown for the sake of brevity, indicated the same behaviour 
for different postures. Investigation of the high speed camera and FEA movies, for 
instance the snapshots shown in Figure 47, revealed that apart from the neck and 
head, the dummy’s body continued its motion like a rigid body without changing its 
orientation during the first 20 ms of impact. This phenomenon can be linked to the 
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nonflexible thoracic spine of the dummy, which is made of one steel part. These 
observations suggest that during a short period of 20 ms after the impact the stance of 
the dummy does not influence head linear and rotational accelerations and the anvil 
force. 
 
 
 
 
 
Figure 54   Comparison of head accelerations for different postures and neck angles of the 
Hybrid III dummy; impact configurations are a) front with φ=15°, b) side with φ=0° and c) rear 
with φ=15°. 
 
 
6.3.2 Full-body drop tests 
As mentioned previously, the aim of full-body helmet drop tests was to investigate 
the influence of the body on head and helmet impact responses, namely the head 
linear acceleration (|a|) and liner crushing distance (∆h). This influence was 
quantified in the previous chapter by defining the added mass index, γm = FnN/(mh aN). 
This dimensionless parameter can further be used to compare this influence between 
Hybrid III and THUMS, even though their head masses are different. The results 
discussed in the previous section suggest that the value obtained for γm is not 
dependent on the posture of the dummy (sitting or standing) or its neck angle. Hence, 
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comparing γm obtained by using the sitting Hybrid III dummy to that obtained by 
using standing THUMS is justified. 
Figure 55(a) plots γm for a front/30° impact using the Hybrid III dummy with a 7.5 
m/s impact speed. As shown in this figure, γm grows gradually until the peaks of 
acceleration and neck force occur. Then, it increases with a steep slope as the 
acceleration falls towards zero. The value of γm at the peak head acceleration, 0.49, 
was chosen to calculate an equivalent mass for the detached head of the dummy. The 
detached head of the dummy was modified by increasing its mass and inertia matrix 
components by γm = 0.49, and it was virtual drop tested with the helmet in the same 
impact conditions. Another simulation was performed by using the helmeted intact 
detached head of the dummy. 
 
 
 
 
Figure 55   Results of front/30° impacts a) using the Hybrid III dummy and b) F: full-body, DH: 
detached head and MDH: modified detached head. 
 
 
Figure 55(b) compares head accelerations between the full-body, detached-head 
and modified detached-head drop tests. The head acceleration obtained from the 
helmeted modified detached-head drop test compares well with that of the helmeted 
dummy drop test. Furthermore, their liner crushing distances and HIC, presented in 
Table 29, are in good agreement. It can be concluded that a suitable value was 
selected for the added mass index in this impact configuration.  
The dummy was also used to calculate γm for the rear/30° configuration. A value of 
0.72 was found, which was used to modify the head of the dummy. Then, it was drop 
tested in the same impact configuration. The results presented in Table 29 justify this 
value. The added mass index in the rear/30° configuration is much higher than that in 
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front/30°. It implies that γm is dependent on the impact site. This issue will be further 
discussed in the next section. 
 
 
Table 29   Results of full-body and detached-head drop tests 
 |a|,max (g) HIC FhN,max (kN) ∆h,max (mm) 
 Hybrid III, front/30°, γm =0.49 
Detached-head 212 1549 9.1 27.0 
Full-body 176 1239 11.3 32.6 
Modified Detached-head 177 1231 11.4 32.5 
 Hybrid III, rear/30°, γm =0.72 
Detached-head 192 1659 8.3 24.1 
Full-body 129 974 9.9 31.9 
Modified Detached-head 162 1132 12.0 32.0 
 THUMS, front/30°, γm =0.18 
Detached-head 207 1703 10.0 28.0 
Full-body 179 1328 10.2 29.6 
Modified Detached-head 185 1479 10.5 30.2 
 THUMS, rear/30°, γm =0.22 
Detached-head 200 1684 9.6 25.9 
Full-body 173 1326 10.4 27.9 
Modified Detached-head 189 1453 11.1 28.6 
 
 
When THUMS was used to calculate γm in the front/30° impact configuration, a 
value of 0.18 was obtained, as shown in Figure 56. It is much less than the value of 
0.49 calculated by using the Hybrid III dummy. It may be a result of the lower level 
of the neck force (Figure 55 and Figure 56). Furthermore, the peak neck force 
occurred about 1.5 ms later than the peak of the head acceleration, while for the 
dummy these peaks were virtually simultaneous. 
 
 
 
Figure 56   Results of front/30° impact using THUMS. 
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The kinetics and kinematics of the Hybrid III and THUMS head/neck were further 
investigated. In Figure 57 and Figure 58, forces applied on the head at the 
head/helmet interface as well as axial and shear forces of the neck are plotted (for 
relevant coordinate systems refer to Figure 44). The neck forces were first evaluated 
in the 123 coordinate system using the Newton second law for the head, as follows: 
 
111 hhn FamF −=  (6-1a) 
333 hhn FamF −=  (6-1a) 
 
Then assuming that the change in the body impact angle is negligible during the first 
10 ms of the impact, neck forces were transferred into the xyz coordinate system: 
 
ϕϕ sincos 31 nnnx FFF −=  (6-2a) 
ϕϕ cossin 31 nnnz FFF −−=  (6-2a) 
 
For the THUMS impact, there was an approximately 2 ms delay in the onset of the 
neck axial force with respect to the head force, which has also been reported in 
dropping cadaver head/neck preparations by Nightingale et al. (1996). They stated 
that this lag is evidence that the head and cervical spine are not coupled during the 
time that the head force ascends. In addition, they found that when the anvil surface 
was covered with a layer of foam (padded impacts), the head and neck became more 
coupled as time elapsed, which was also observed in the simulation. A shear force 
comparable to the axial force was developed in the neck, as can be seen in Figure 57. 
Its peak value was much higher than the non-injurious neck shear force (845 N) 
recommended by Mertz and Patrick (1971). The peak neck axial force was also much 
higher than the non-injurious neck axial force (1112 N) recommended by these 
authors. These values were based on static strength data obtained from experiments 
on volunteers. Higher values have been reported in literature for the neck force at 
failure under dynamic loading (Pintar, et al., 1995).  
In drop test experiments on head/neck preparations using a rigid surface conducted 
by Nightingale et al. (1997a), the neck axial force ranged  between 2100 N and 4000 
N and the head force between 7638 N and 8111 N. The tilt angle was 0° (φ = 90°). 
Although THUMS was dropped at φ = 30° with a helmet, the head axial force was 
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slightly less than 7.6 kN. For this input force, the neck axial force was slightly less 
than 2.6 kN, which is consistent with experimental data. The head axial force of the 
Hybrid III simulation shown in Figure 58 is slightly more than 8.1 kN but its neck 
axial force is much higher than the upper limit of the experimental values, which 
indicates that its neck is stiff in axial direction. In addition, the delay of the peak neck 
force relative to the peak head force observed in the cadaver experiments and 
THUMS simulation was not observed in the Hybrid III simulation. It should be noted 
that the levels of THUMS and Hybrid III neck shear forces are comparable. 
 
 
 
Figure 57   Responses of the THUMS head and neck in front/30° impact; V0 = 7.5 m/s. 
 
 
When a thin imperfect column is subjected to an axial load, its buckling initiation 
is associated with a drastic change in the slope of the load-displacement curve. Figure 
59 illustrates that during the first 8 ms of the impact, the THUMS head was 
constrained by the helmet, sometimes referred to as pocketing of the head. The helmet 
itself was constrained by friction at its interface with the anvil. As a consequence of 
pocketing, the head could not escape the axial loading path developed by downward 
movement of the torso and thus the neck was compressed. As shown in Figure 57, the 
neck axial load vs. time changed its slope noticeably between 7 ms and 8 ms, which 
indicates the onset of neck buckling. As illustrated in Figure 59, the buckling mode 
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was a combination of flexion and extension. The upper cervical spine (C1-C2) went 
into flexion due to the constraint imposed on the head by the helmet. The rest of the 
cervical spine buckled in the extension mode. The same phenomenon was observed 
for Hybrid III (Figure 60) but buckling commenced earlier.  
 
 
 
Figure 58   Responses of the Hybrid III head and neck in front/30° impact; V0 = 7.5 m/s. 
 
 
Figure 59   Snapshots from the front/30° impact using THUMS (some parts of the body and 
helmet are hidden). 
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Figure 60   Snapshots from the front/30° impact using the Hybrid III dummy (some parts of the 
body and helmet are hidden). 
 
 
Head rebound was observed in the simulation with THUMS. The sign of its head 
velocity in the direction normal to the anvil is plotted in Figure 57. It altered at around 
7 ms, which confirms head rebound. After this time, the head force further decreased 
but the neck force increased slightly and remained constant up to around 9 ms despite 
neck buckling. This is evidence that rebound contributed to the neck force, which is 
consistent with the experimental observations of Nightingale et al. (1997a, 1996). 
Although rebound was detected in the Hybrid III simulation (Figure 58), no obvious 
contribution of it to the neck force could be observed. 
Similar to the dummy’s head, the head of THUMS was detached from the rest of 
the body and equipped with the AGV-T2 helmet. It was drop tested in the front/30° 
impact configuration. Another virtual drop test was performed with this model but the 
mass of the head and its inertia matrix components were increased by 18%. Similar 
simulations were performed for the rear/30° impact configuration using the modified 
and intact detached head of THUMS, but by using the relevant added mass index, 
given in Table 29. The results presented in this table indicate that using the modified 
head gave good estimation of the full-body impact results. 
The results of the full-body drop tests at various impact configurations are 
presented in Table 30. The dummy was not drop tested at the side site because it is not 
biofidelic in side impacts. This is due to the fact that the head/neck connection 
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(Occipital Condyle joint) is a revolute joint with an ear-ear axis, while this joint has 
more degrees of freedom in the human.  
 
 
Table 30   Results of full-body drop tests in various impact configurations 
Human model Hybrid III THUMS 
Impact site φ (°) maN,max (kN) FnN @ aN,max (kN)
 
γm maN,max (kN) FnN @ aN,max (kN)
 
γm 
0 12.9 1.9 0.15 11.5 1.4 0.12 
15 8.9 2.8 0.31 8.7 1.2 0.13 
30 7.6 3.7 0.49 8.6 1.6 0.18 
45 7.5 6.5 0.86 9.1 2.1 0.23 
60 10.2 12.8 1.25 8.7 2.3 0.26 
Front 
90 - - - 8.3 3.5 0.42 
0 6.2 1.3 0.21 7.4 0.9 0.12 
15 7.0 2.4 0.34 7.8 1.3 0.16 
30 5.4 4.6 0.85 7.9 1.7 0.22 
45 5.0 7.2 1.43 6.1 1.7 0.28 
Rear 
60 14.2 24.8 1.74 7.3 2.2 0.30 
0 - - - 9.4 1.5 0.16 
15 - - - 8.1 1.2 0.15 
30 - - - 10.3 1.8 0.17 
45 - - - 8.5 2.3 0.27 
Side 
60 - - - 7.5 2.8 0.37 
 
 
It can be inferred from the values reported in Table 30 that there is no trend in 
maN,max, while FnN often increases by increasing the body impact angle. In addition, γm 
was more affected by FnN than maN,max. Although the studied impact configurations 
were not purely axial (except for φ = 90°), the discrepancies between THUMS and 
Hybrid III results seem to be related to the characteristics of their necks in axial 
direction rather than in shear. The reason is that when the neck is subjected to pure 
shear loading (φ = 0°), FnN,dummy/FnN,THUMS <1.5, but by increasing the body impact 
angle (thus the axial component of the neck load), this ratio grows to at least 5.5 at φ 
= 60°. 
6.3.3 Effect of impact site and body impact angle 
The added mass indices obtained by drop testing the helmeted THUMS at a 7.5 
m/s impact speed in front, rear and side impact sites and body impact angles in the 
range of 0° to 90° are depicted in Figure 61. For φ = 90° only one point is reported 
because all impact sites give the same impact configuration when the body axis is 
normal to the anvil. As shown in this figure, for each body impact angle changing the 
impact site does not change γm considerably. However, γm increases from 0.12 to 0.42 
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by increasing φ from 0° to 90°.  The equation of the dashed line fitted to these points 
is: 
 
γm,THUMS = 0.0033φ+0.11 (6-3) 
 
with a correlation coefficient of 0.95, which indicates that there is a strong linear 
correlation between the added mass index and the body impact angle. 
The added mass indices obtained by using the Hybrid III dummy are plotted in 
Figure 62. As shown in this figure, γm increases from 0.15 to 1.74 by increasing the 
body impact angle from 0° to 60°. There are noticeable differences between values 
obtained for rear and front impacts when φ > 30. In spite of the scatter of points, the 
correlation coefficient of the line fitted to them is 0.92, which indicates a good linear 
relationship between γm and φ. Its equation is: 
 
γm,dummy = 0.023φ+0.06 (6-4) 
 
The slope of this line is nearly six times greater than that found by using THUMS. 
 
 
Figure 61   Added mass index obtained by using THUMS. 
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Figure 62   Added mass index obtained by using the Hybrid III dummy. 
 
 
6.3.4 Effect of material properties of helmet 
Four different helmet models were created by varying the density of the main liner 
of the AGV-T2 helmet and the properties of its shell. They were used to simulate the 
front/30° full-body impact with THUMS. The results presented in Table 31 indicate 
that wide ranges of head acceleration and HIC were obtained by varying the foam 
density. As it was expected, increasing the density of the liner from 40 kg/m3 (AGV-
T2 in this table) increased |a|,max and FhN,max. However, when the density was 
decreased to 20 kg/m3, these quantities increased again. For this helmet, ∆h,max = 40 
mm, which indicates that probably the liner has bottomed out because the thickness of 
the foam in the front region is approximately 44 mm. As illustrated in Figure 63, 
volumetric strain in the crushed region of the main foam is less than 80%, which 
indicates that the foam has bottomed out and thus cannot absorb more energy via 
crushing. Nonetheless, the added mass index obtained from this simulation is fairly 
similar to those obtained by using the other models. The average of the indices is 0.18 
and the standard deviation is 0.03. Therefore, it is reasonable to conclude that γm does 
not vary significantly when different helmets are used. 
 
 
Table 31   Results of the full-body front/30° impacts at 7.5 m/s using various helmet models 
Helmet model |a|
,max (g) HIC FhN,max (kN) ∆h,max (mm) FnN @ aN,max (kN) γm 
AGV-T2 179 1328 10.2 30 1.6 0.18 
foam‘s ρ = 20 kg/m3 191 1272 11.3 40 2.0 0.22 
foam‘s ρ = 60 kg/m3 229 1925 12.9 26 1.7 0.15 
foam‘s ρ = 80 kg/m3 280 2472 18.6 23 2.0 0.15 
ABS shell 178 1287 10.0 33 1.5 0.18 
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Figure 63   Volumetric strain contours in the main foam with a density of 20 kg/m3. 
 
 
6.4 Discussion 
The FE models of the Hybrid III dummy and THUMS human body were employed 
to calculate the added mass index for various impact configurations. The values 
obtained by using the dummy were three to six times larger for φ > 0°. The results of 
drop tests at various body impact angles showed that the influence of the neck axial 
force on γm is drastically more than the influence of the neck shear force and maN,max. 
It was concluded that the discrepancies between the results obtained by Hybrid III and 
THUMS can be related to the mechanical behaviour of their necks in the axial 
direction. In a study by Pintar at al. (1995), human head/neck preparations were 
subjected to axial compression loading at 2.5 to 8 m/s speeds. An average stiffness of 
555 N/mm was found for this speed range, which was nearly one fourth of the 
stiffness of a Hybrid III head/neck preparation subjected to an axial load at a 7.6 m/s 
speed (Sances and Voo, 1997). Therefore, for the same amount of neck compression, 
the Hybrid III neck transmits four times as much force from T1 to the head, which is 
similar to the results obtained by Sances et al. (2002). They found that in inverted 
vertical drops, 70 to 75% of the force applied to the head of the Hybrid III system was 
transmitted to the lower neck while this value was 20 to 30% for cadavers. Therefore, 
it can be concluded that the Hybrid III dummy overestimates γm. 
On the other hand, simulation of the cadaver experiments conducted by Alem et al. 
(1984) with THUMS indicated that its cervical spine slightly underestimates the neck 
axial force. This evidence suggests that the value obtained for γm by using THUMS 
specifies a lower limit for the added mass index, but it is much more biofidelic than 
the estimation made by using the Hybrid III dummy. 
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As it was discussed in chapter 3, the mass of the middle size ISO headform (J or 57 
cm) is within the range of the mass of the 50th percentile human head. Therefore, no 
added mass has been included in current standards to include the effect of the body on 
the head. Some researchers believe that the reason for disregarding this effect in 
helmet standards is that the neck deforms so easily by bending and shearing on the 10 
ms time scale of the helmet impact that the head is effectively isolated (Mills, 2010). 
However, experimental and numerical studies discredit this opinion. In cadaver 
head/neck drop tests, the delay in the onset of the lower neck force with respect to the 
head load was 1.7±0.3 ms for rigid impacts and 6.9±1.7 ms for padded impacts 
(Nightingale, et al., 1997a, Nightingale, et al., 1996). The foam employed in padded 
impacts was either EPS with ρ = 28.4 kg/m3 or less stiff Polyurethane foam with ρ = 
27.7 kg/m3. Since in motorcycle helmets, the liner is usually made of stiffer EPS 
foams, the time delay is probably between the values reported for rigid and padded 
impacts. In front/30° impact simulation using THUMS and a helmet with a 40 kg/m3 
EPS liner, the delay in the onset of the upper neck force with respect to the head force 
was 2 ms.  
Even at a shallow body impact angle, φ = 30°, a potentially injurious axial force 
was developed in the THUMS neck. This was attributed to the constrained imposed 
on the head from the helmet, which itself was constrained by friction at its interface 
with the anvil. It has been shown in a number of studies that in situations that the neck 
is in the path of the following torso, constraining the head motion increases the risk of 
neck injury (Hodgson and Thomas, 1980, Nightingale, et al., 1997b, Yoganandan, et 
al., 1986). Camacho et al. (1999) showed that in near-axial impacts (φ ≈ 90°), 
increasing the head/anvil friction coefficient from 0 to 0.2 dramatically increased the 
neck force. In helmet impacts, it has been shown that decreasing the friction 
coefficient at the helmet/anvil interface does not necessarily decrease the risk of head 
injury (Mills, et al., 2009) but the study of Camacho and co-workers points to the 
possibility of reducing neck injury and perhaps the degree of head/body coupling by 
reducing the helmet/anvil friction. This effect should be studied in future. 
The neck of the Hybrid III dummy has been designed for estimating the behaviour 
of the human neck in whiplash induced by car frontal impacts. Nonetheless, this 
dummy has been employed for studying impact scenarios involving direct head 
loading, such as roll over (Frechede, et al., 2009), motorcycle (Berg, et al., 2006, 
COST327, 2001) and football accidents (Newman, et al., 2000), due to the availability 
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and price of the dummy. The results, presented in Table 29, show that in comparison 
to THUMS, using Hybrid III has overestimated the mass of the modified headform 
and the crushing distance of the liner for all cases. Therefore, the implementation of 
the added mass index obtained by using the Hybrid III dummy in standard drop test 
procedures would introduce a test method that overestimates the risk of liner 
bottoming out. This can yield a stringent test method if the acceleration limit is 
decreased. As discussed in the previous chapter, using a heavier headform with the 
same limit for the head linear acceleration can cause helmet manufacturers to use 
stiffer foams. It was shown in that chapter that to include any increase in the mass of a 
headform in a standard test method, the acceleration limit (A) should be reduced to 
A´= A /(1+γm)0.5. 
As shown in Figure 61 and Figure 62, γm is a linear function of the body impact 
angle but is nearly independent of the impact site when it is calculated by using 
THUMS. In order to drop test helmets in laboratories at different body impact angles, 
it is impractical to replace each existing headform with several headforms that have 
the same size but different masses. A reasonable solution is to choose a value for the 
added mass index that is relatively high and covers most frequent impact cases. A 
statistical investigation on motorcycle accidents has shown that 57% of accidents 
occur at body impact angles less than 30° (COST327, 2001). In addition, UNECE 
22.05 defines four impact configurations (excluding the impact at the chin bar), of 
which three impacts are at impact angles less than 30°. Hence, the added mass index 
obtained for φ = 30° should be an appropriate choice for these impact configurations. 
Using eq. (6-3), γm = 0.20. The fourth impact configuration defined in the UNECE 
22.05 standard is the crown impact with φ = 90°. For this impact configuration, γm = 
0.42 by using this equation.  
It should be noted that the added mass values reported in this study are valid for 
the total body mass of THUMS, 78.1 kg, which is almost identical to the mass of the 
50th percentile male Hybrid III dummy, 78.3 kg given in Table 28. Therefore, the 
proposed added mass is applicable to the middle size of ISO headforms, “J”. An 
important question for future studies is to obtain this index for other size of 
headforms. 
Varying the material properties of the helmet resulted in a wide range of impact 
outputs, such as head acceleration. Nonetheless, the added mass indices obtained from 
these tests were not significantly different. This evidence indicates that the added 
138 
mass index is not dependent on the type of the helmet. This issue is very important if 
the added mass index is to be considered in a standard test. Current standards define 
helmets largely in terms of their function (Becker, 1998), which means their 
procedures are independent of the materials and dimensions of helmets and any 
proposal to improve them should have the same characteristic. 
In this chapter, the rotational acceleration of the head was not considered because 
the aim was to investigate the effect of the body in normal drop tests, in which the 
velocity of the falling object is normal to the anvil. In addition, measured rotational 
accelerations were below the head injury limit of 10 krad/s2 proposed by (Margulies 
and Thibault, 1992). Head angular acceleration is an important parameter in oblique 
impact tests, i.e. when there is a tangential velocity. The next chapter is dedicated to 
oblique impacts. A previous study concluded that the most effective countermeasure 
of reducing the head rotational acceleration could be mitigating the head linear 
acceleration (Mills et al. 2009). Therefore, modifying the standard headform mass, in 
order to avoid high linear accelerations due to helmet bottoming out, can also 
decrease the probable high rotational accelerations triggered by the same 
phenomenon. 
6.5 Conclusions 
The impact response of a motorcycle helmet in full-body normal impacts was 
investigated numerically by using validated FE models. The Hybrid III and THUMS 
FE models represented the human body in the simulations. The results have refined 
and broadened the achievements of the previous chapter, which suggested increasing 
the mass of the headform in order to take into account the influence of the body on the 
head linear acceleration and liner crushing distance. The main findings of this chapter 
are listed below. 
• The Hybrid III dummy overestimates γm because its neck is too stiff in the 
axial direction compared to the human neck. On the other hand, THUMS 
slightly underestimates the neck axial force, and thus γm, but due probably 
to the correct anatomical representation of the neck, it provides more 
realistic insight into the head/body coupling than the Hybrid III dummy. 
• The values of the added mass index calculated by dropping helmeted 
THUMS in different impact configurations has a linear relation, with a 
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positive slope, with the body impact angle, and is nearly independent of the 
impact site.  
• Since 57% of motorcycle accidents occur at body impact angles less than 
30°, it is proposed to increase the mass of the “J” size headform of the 
UNECE 22.05 standard by 20% for impacts at points B, R and X, and 
decrease the limit of the linear acceleration by 9%. For impacts at point P, 
the mass should be increased by 42% and the acceleration limit decreased 
by 16%. These proposals are based on the results obtained by using the 
THUMS human body model as a human surrogate. 
• An alternative to the above proposal is using two headforms of the same 
size to test helmets: one with the original mass and one with the increased 
mass. In this way, there is no need to change the acceptance limit of head 
acceleration. 
• The added mass index is independent of the type of the helmet used in 
impacts. 
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7 Full-Body Oblique Impact Test Using THUMS 
 
 
7.1 Introduction 
In a number of motorcycle accidents, the body impacts the opposite object at a 
shallow angle (Richter, et al., 2001), which implies that the impact velocity has a 
component tangential to the impact surface in addition to a normal component. These 
impacts are called oblique. Conversely, in normal impacts, the impact velocity has 
only a normal component. The review of helmet standards in chapter three revealed 
that the impact absorption capacity of safety helmets is measured only in normal 
impacts. The helmet is coupled with a headform and dropped onto a flat anvil. It 
passes the test if linear acceleration of the headform measured at its C.G. is lower than 
a stated limit. 
The head rotational acceleration, however, is believed to be an important cause of 
head injuries, as discussed in chapter two. Holbourn (1943) believed that rotational 
acceleration applied to the head, with or without direct impact, results in shear and 
tensile strains in the brain and bridging veins, which cause haematoma and DAI. 
Gennarelli (1983) concluded that SDH was mainly due to short duration and high 
amplitude rotational accelerations, while DAI was mainly due to long duration and 
low amplitude rotational accelerations. A combination of a 10 krad/s2 rotational 
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acceleration and a 100 rad/s maximum change in the rotational velocity of the head 
has been proposed as a limit for DAI (Margulies and Thibault, 1992). 
There is an oblique impact test in some helmet standards, such as the British 
(BS6658, 1985) and UNECE 22.05 standards (2002). The aim of this test is to assess 
the forces caused by friction at the helmet/anvil interface. The UNECE 22.05 standard 
has two methods for oblique impact testing helmets. In method A, which is simpler 
than method B, a headform fitted with the helmet is dropped onto a 15° inclined anvil 
at a 8.5 m/s impact speed. The anvil is covered with an abrasive paper to increase the 
friction at the helmet/anvil interface. During the tests, the tangential force (FT) and its 
integral with time (J) are measured. The pass criteria are FT < 3.5 kN and J < 25 N.s.  
In real world motorcycle accidents, the body always interacts with the head. The 
influence of this interaction on head and helmet responses has been assumed to be 
negligible by standard designers; the current standards employ a detached headform 
in helmet drop tests. It was shown in chapter five and six that the presence of the body 
in full-body normal impact tests increases the crushing distance of the helmet liner. It 
was proposed to increase the mass of the headform as a simple yet appropriate 
measure in order to take into account the effect of the body on the liner crushing 
distance and head linear acceleration. 
The influence of the body on head rotational acceleration was studied in COST 327 
by using a Hybrid III dummy. The helmeted dummy was dropped onto the oblique 
abrasive anvil of the BS standard (which is the same as that of the UNECE 22.05 
standard) at 4.4 m/s, 5.2 m/s and 6 m/s impact speeds. In the experiments, the dummy 
was horizontal and facing upward and the side of the helmet was impacted. The 
results were compared to the results of headform oblique impact tests. It was 
concluded that in order to include the effect of the body on rotational acceleration in 
headform oblique impacts, the impact velocity should be slightly increased. One of 
the limitations of the study was using the Hybrid III dummy, which has a stiff neck as 
discussed in the previous chapter. 
In this chapter, THUMS is employed to study the head/body interaction in helmet 
oblique impacts. It is attempted to quantify the influence of the body on the head 
rotational acceleration in oblique impacts. A possible measure for including this effect 
in oblique impact test methods, which use a headform, is also discussed. 
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7.2 Methodology 
The AGV-T2 helmet and THUMS human body models were used for this study. 
To enable measuring head accelerations in drop test simulations, all deformable parts 
of the THUMS head were switched to rigid, except its skin. It is probable that shear of 
the skin can affect the head rotational acceleration. All rigid parts of the head were 
constrained to an inertia part located at the C.G. of the head. Inertial properties of the 
head, excluding its skin, were calculated by using LS-DYNA and specified for this 
part.  
7.2.1 Full-body oblique impact 
The helmet was positioned on the head considering the upper and lower vision 
field angles, set in UNECE 22.05. There was a small gap (about 2 mm) between the 
head and liner, which in real helmet is filled with the comfort foam. Previous studies 
have shown that the replacement of this foam with a gap in FE models does not affect 
the results (Aiello, et al., 2007, Cernicchi, et al., 2008). The chin strap was passed 
through the hole of the cheek foam and below the neck. In a pre-simulation, the chin 
strap was tightened with a 5 N force. Then, its nodes and elements were imported to 
the main model without pre-stress.  
Mills and Gilchrist (2008) found that the friction coefficient at the head/helmet and 
helmet/anvil interfaces can largely affect the head rotational acceleration. They tested 
bicycle helmets in oblique impacts by using a headform with a wig. When a friction 
coefficient of 0.2 was used at the head/helmet interface, FE simulations predicted the 
head rotational acceleration with good accuracy. In the present study, the same value 
was used for this interface. The helmet/anvil friction coefficient was set to 0.4 in order 
to simulate impacts on the road surface. 
In a previous study on helmet oblique impacts, a helmeted headform was dropped 
at three different configurations to find the most severe one (Mills, et al., 2009). 
Among them, the side impact caused largest head rotational acceleration. In this 
impact, the vertical axis of the head formed an angle of 20° with the surface of the 
anvil and the tangential velocity was normal to this axis in the rear-front direction. 
The same impact configuration was chosen for the current study, as shown in Figure 
64. However, the body impact angle was increased to 30° because at lower angles, the 
shoulder of THUMS contacts the road surface before the head. 
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Figure 64   Body impact angle and impact velocity components. 
 
 
7.2.2 Detached-head oblique impact 
As mentioned previously, the aim of this study was to assess the influence of the 
body on head rotational acceleration. Therefore, it was necessary to compare the full-
body oblique impacts with the same impacts but without including the body. For this 
purpose, the head of THUMS was detached from the rest of its body and saved as a 
new model. This model also included part of the neck skin that supported the chin 
strap. The helmet was coupled with the head and the chin strap was tightened as 
explained before. The helmeted head was positioned at the side/30° (impact site/body 
impact angle) configuration. Hence, the new model was exactly the same as the full-
body oblique impact model except the parts of the body below the neck were 
removed. 
7.2.3 Oblique impact tests 
The focus of this chapter is on rotational acceleration of the head induced in 
oblique impacts. Therefore, it is necessary to validate the FE model of the AGV-T2 
helmet with respect to head rotational acceleration although it has been validated with 
respect to head linear acceleration. For this purpose, oblique impacts were carried out 
on samples of the helmet. For these tests, a Hybrid II headform was employed. A nine 
accelerometers package (NAP described in appendix D) was mounted inside the 
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housing of the headform, which allowed to measure rotational acceleration of the 
head as well as its linear acceleration at its C.G. 
Impacts were carried out at TRL by using their helmet drop rig, shown in Figure 
65. A heavy concrete base with a surface inclined at 15° to the vertical was employed. 
A load cell was mounted on this surface to measure the normal and tangential forces 
at the helmet/anvil interface. A steel plate was attached to the load cell and covered 
with an abrasive paper of grade 80 in order to increase the friction coefficient at this 
interface. The paper was securely clamped to the base of the anvil to prevent slippage. 
In this impact configuration, a larger friction coefficient induces greater rotational 
accelerations (Mills, et al., 2009).  This impact configuration is the same as that 
described in the BS and UNECE standards for assessing the surface friction of 
helmets. 
 
 
 
Figure 65   Oblique impact test rig. 
 
 
Five helmets of size 57-58 cm were supplied by Dainese S.p.A. They were 
positioned on the Hybrid II headform so that the upper vision field angle defined in 
the UNECE standard was approximately 7°. Then, the chin strap was fastened and 
tightened with a normal force. Helmets were dropped onto the oblique anvil by using 
the helmet drop tower of TRL, which was also used for the normal impact tests 
described in chapter four. The drop height was adjusted so that the impact velocity 
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just before the helmet/anvil contact was 8.5 m/s. This speed was measured in each 
drop test with the laser timer introduced in chapter four. The result was 8.49±0.01 
m/s, which shows that the impact velocity was extremely close to the target speed in 
all tests. 
7.2.4 FE model of the Hybrid II headform 
A Hybrid II headform was used to oblique impact test the helmet. To simulate this 
test, an FE model of the headform was needed. This model was developed in LS-
DYNA from measurements on the real headform. The first step was to create a CAD 
file containing the exterior surface of the headform. With the aid of the helmet 
marking rig (shown in Figure 26), coordinates of nearly 130 points on this surface 
were measured. Due to its symmetry with respect to the mid-sagittal plane, points 
were selected on one half of the surface. Four vertical planes passing through the axis 
of the headform and forming 0°, 45°, 90° and 135° angles with the mid-sagittal plane 
were intersected with the exterior surface. The result was five curves, which were 
intersected with 26 horizontal planes, 10 mm away from each other. Consequently, 
127 points were marked on the exterior surface, whose coordinates were measured 
and imported into LS-DYNA. Then, they were mirrored with respect to the mid-
sagittal plane to form the whole head, as shown in Figure 66. Smooth curves were 
passed through the points located on the horizontal planes by using the Bspline tool of 
LS-PREPOST V3.0 (LSTC). Then, with its loft tool, a smooth surface was built on 
the curves. Although this surface does not contain small features of the head, such as 
the nose and eyes, its important dimensions (i.e. circumference, width and breadth) 
and overall shape completely match those of the headform. 
 
 
Figure 66   Development of the CAD model of the Hybrid II headform. 
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The Hybrid II headform is formed of an aluminium casting covered with a rubber 
skin. The thickness of the skin in the area likely to contact the liner was measured at 
5±0.04 mm with a micrometer. The CAD surface of the skin was meshed with 1342 
quadrilateral shell elements in Hypermesh (2008). Then, the elements were extruded 
by 5 mm in the direction normal to the surface, forming hexahedral elements. All 
nodes located on the interior surface of the skin were constrained to an inertia part 
that was positioned at the C.G. of the headform. Mandatory inputs for this part were 
inertial properties of the headform including its mass and components of its inertia 
matrix. By using a digital scale, the total mass of the headform, the NAP and part of 
the data transfer cable connected to the accelerometers was measured at 4.320 kg. The 
components of the inertia matrix were measured by using a torsion pendulum, as 
explained in appendix F. Due to the symmetry of the headform with respect to the 
mid-sagittal plane, some components of its inertia matrix are zero. The non-zero 
components were measured at Ixx = 222±3 kg.cm2, Iyy = 297±3 kg.cm2, Izz = 212±2 
kg.cm2 and Ixz = 46±3 kg.cm2. 
Viscoelastic mechanical properties of the rubber skin can largely affect the impact 
response of the headform. Wood et al. (2010) characterised this material under 
compressive loading. In their experiments, they subjected rubber cylinders (10.55 mm 
in height and 9.97 mm in diameter) cut from the skin of a Hybrid III headform to 
unconfined axial compressive loading. Each sample was compressed to 10%, 20% 
and 30% engineering strains in 40 ms and held in these conditions for 60 seconds. The 
axial reaction force was measured during the step-hold loading and the true stress was 
calculated (Table 32). 
To model the skin, the viscoelastic material model of LS-DYNA (MAT6) was 
used. The elastic behaviour of MAT6 is defined with a bulk modulus (K) and its 
temporal behaviour is defined with a convolution integral, written as (Hallquist, 
2007): 
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where sij and eij are the deviatoric stress tensor and the deviatoric strain tensor 
respectively. The relaxation function is written as: 
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where G∞ is the steady-state relaxation coefficient, G0 is the short-time relaxation 
coefficient and β is the decay constant. In (Juntikka, et al., 2004), these parameters are 
defined as K = 2170 MPa, G0 = 1.55 MPa, G∞ = 0.657 MPa and β = 5 s-1 for the 
Hybrid III headform skin. 
In order to examine the accuracy of this model and also investigate the influence of 
mesh size on the response of the skin, Wood’s step-hold tests were simulated. A 
cylinder with a height of 10.55 mm and a diameter of 9.97 mm was created in LS-
DYNA and meshed with hexahedral elements with two different mesh size, 0.7 mm 
(fine mesh) and 3.5 mm (coarse mesh). The displacement in the axial direction of the 
nodes located on one end of the cylinder was constrained. Ramp displacements were 
applied to the nodes of the other end corresponding to maximum engineering strains 
of -20% and -30%; the rise time was 40 ms. The FE and experimental results 
presented in Table 32 indicate that the effect of mesh size on the compressive 
response of the rubber cylinder can be ignored. Moreover, they show that the FE 
models give good predictions of the response for a 20% engineering strain but for 
higher strains (which are unlikely in helmet oblique impacts) the error is considerable.  
 
 
Table 32   Results of compressive loading of a cylinder cut from the Hybrid III headform skin 
Model fine mesh coarse mesh coarse mesh 
Engineering strain -0.3 -0.3 -0.2 
Stretch 0.7 0.7 0.8 
FEA true stress (MPa) -0.79 -0.79 -0.49 
Experimental true stress (MPa) -0.97 -0.97 -0.47 
Error (%) -18 -19 5 
 
 
7.2.5 Simulation of oblique impact tests 
The FE model of the AGV-T2 helmet was positioned on the Hybrid II headform 
FE model following the instructions explained in section 6.2.1. The chin strap was 
modelled with shell elements. It was passed through the hole in the cheek foam and 
under the neck. It was tightened in a simulation and imported into the final model free 
of stress. In a previous study on helmet oblique impacts by using the FE method, a 
friction coefficient of 0.5 at the Hybrid II headform/helmet interface best replicated 
experimental data (Mills, et al., 2009). The same value was used in the current study 
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for this interface. At the helmet/anvil interface, a friction coefficient of 0.55 was used, 
which was obtained from experimental data explained in the next section. 
The anvil was a flat surface inclined at 15° to the vertical. It was meshed with shell 
elements. A rigid material with properties of steel (Young’s modulus of 200 MPa and 
Poisson ratio of 0.3) was assigned to these elements and one of them was clamped. 
The helmeted headform was positioned near the anvil and a vertical initial velocity of 
8.5 m/s was applied to it. 
7.3 Results 
7.3.1 Simulation of oblique impact tests 
The friction coefficient at the helmet/anvil interface is an important parameter in 
oblique impacts that can largely affect rotational acceleration of the headform (Mills 
and Gilchrist, 2008). To precisely replicate oblique impacts, this coefficient should be 
determined from experiments. When there is sliding condition at the helmet/anvil 
interface, it is possible to obtain the friction coefficient from FT vs. FN data. 
 
 
 
Figure 67   Snapshots of experimental and virtual oblique impacts of the helmeted Hybrid II 
headform. 
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Figure 67 shows that after impacting the anvil, the rear site of the helmet 
approached the anvil as the helmet rolled on the anvil. The motion of the helmet from 
FEA is identical to the experimental motion but it seems that the headform was more 
decoupled from the helmet in FEA after 8 ms, as its rotation was less. It can be a 
result of the fact that the chin strap was stress free in FEA. In experiments, it applies a 
normal force on the neck due to the tightening force, which generates an initial 
tangential force between the chin strap and neck. Figure 67 also indicates that the 
helmet slid on the anvil but its initiation and termination are not obvious. 
 
 
Figure 68   Sliding marks on abrasive paper and helmet. 
 
 
Marks on the abrasive paper and the helmet shown in Figure 68 prove the 
occurrence of sliding. The helmet first hit the anvil at its edge near the visor 
attachment. As the normal force increased, the contact area grew. The length of this 
area was nearly 90 mm, which suggests that the helmet slid on the anvil for at least 11 
ms (assuming a constant impact velocity of 8.2 m/s tangential to the anvil). In Figure 
69, FT is plotted vs. FN for the same test. The correlation coefficient of the line fitted 
to this curve is r = 0.988, indicating that the helmet predominantly slid on the anvil 
during the impact. Therefore, the slope of this line is an approximation of the friction 
coefficient. The correlation coefficients of line fittings to FT vs. FN data of the oblique 
impacts ranged from 0.972 to 0.990. The mean value of the friction coefficient 
obtained from these data was 0.56±0.02. In the FE model, a value of 0.55 was inserted 
for the friction coefficient at the helmet/anvil interface. The corresponding FT vs. FN 
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curve is shown in Figure 69, which is nearly linear implying that the helmet slid on 
the anvil in the simulation. 
 
 
 
Figure 69   Anvil forces measured in helmeted Hybrid II headform oblique impacts. 
 
 
  
Figure 70   Acceleration of the Hybrid II headform in experimental and virtual oblique impacts. 
 
 
Linear and rotational accelerations of the headform predicted from FEA are 
compared with experimental results in Figure 70. The agreement is good suggesting 
that the FE model of the AGV-T2 helmet is capable of predicting the behaviour of 
this helmet coupled with headforms with deformable skins in oblique impacts. 
7.4 Full-body and detached-head oblique impacts 
The helmeted THUMS and its helmeted detached head were used to explore the 
influence of the body on rotational acceleration of the head in oblique impacts at 
several impact speeds. First, oblique impacts with a normal impact speed (VN) of 5 
m/s and tangential impact speeds (VT) of 5 and 10 m/s were simulated. VN = 5 m/s 
represents the impact of a rider’s head on the ground from a height of 1.3 m. As 
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shown in Figure 71, varying the tangential component of the impact velocity did not 
considerably change linear acceleration of the head in both full-body and detached-
head impacts. However, its influence on rotational acceleration of the head was 
noticeable. Figure 72 depicts the forces acting on the helmet at its interface with the 
anvil. Around axis x only FN can produce a moment. Around axes y, moments of FN 
and FT are positive. Moments of these forces are negative around axis z. The ratio 
FT/FN (Table 33) approached the friction coefficient (0.4) when the tangential impact 
speed was large enough to cause sliding at the helmet/anvil interface. Hence, when 
the helmet was sliding on the anvil, moments around axes y and z were greater and, 
consequently, the corresponding rotational accelerations were greater. 
 
 
 
 
Figure 71   Head accelerations for detached-head (D) and full-body (F) oblique impacts, VN = 5 
m/s. 
 
 
Second, the same impacts but at VN = 2.5 and 7.5 m/s were simulated. The latter is 
the impact speed adopted by the impact absorption test method of the UNECE 22.05 
standard. As reported in Table 33, increasing the normal component of the impact 
speed drastically increased linear acceleration as well as rotational acceleration. For 
most of the impacts, the influence of this component of the impact velocity on 
rotational acceleration was more than the effect of increasing VT. In fact, as discussed 
before, when VT was large enough to cause slip at the helmet/anvil interface, FT 
reached its maximum value. In these conditions, increasing VT probably does not 
affect the tangential force. For instance, when VN  = 2.5 m/s for the detached-head 
impact, increasing VT from 5 m/s to 10 m/s hardly affected the head rotational 
acceleration since at VT = 5 m/s the helmet was already sliding on the anvil. 
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Conversely, increasing VN caused more compression of the liner, thus higher normal 
and tangential forces. 
 
 
 
 
Figure 72   Head attached frame (xyz) and helmet/anvil interface forces. 
 
 
The phenomena discussed so far were observed for both the detached-head and the 
full-body oblique impacts. In the full-body impacts, however, the resultant head 
accelerations were considerably lower (Figure 71 and Table 33) as a result of the 
head/body interaction. The influence of the body on head linear acceleration and liner 
crushing distance was studied in previous chapters. The aim of the present chapter is 
to investigate the influence of the body on head rotational acceleration. This influence 
can be shown mathematically as follows. It can be assumed that the head used for the 
oblique impacts is a rigid body because the scalp of the THUMS head has a small 
mass compared to the mass of the other parts of the head and therefore its small 
deformations under compressive loadings do not change the C.G. of the whole head. 
Hence, the following equation can be used to relate the rotational behaviour of the 
head to the moments acting on it (Bedford and Fowler, 2002): 
 
)(IωωIαMM ×+=+ nh  (7-3) 
 
where Mh is the head/helmet interface moment acting on the head, Mn is the moment 
applied on the head through the neck (both moments are about the C.G. of the head), I 
is the inertia matrix of the head at its C.G., α is the vector of the head rotational 
acceleration and ω is the vector of the head rotational velocity. The matrix and 
vectors in eq. (7-3) must be expressed in terms of their components in a body attached 
frame, such as the xyz frame introduced in Figure 72. In the xyz frame, matrix I has 
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three moments of inertia, Ixx = 216 kg.cm2, Iyy = 262 kg.cm2, Izz = 199 kg.cm2 and one 
non-zero product of inertia, Ixz = -41 kg.cm2. α and ω were also known from FEA, but 
Mh or Mn could not be recorded in simulations. Since FN,max and FT,max of the full-
body impacts were very close to those of the detached-head impacts (Table 33), it was 
assumed that Mh is equal to the head/helmet interface moment in the detached-head 
impacts: 
 
)DDDDhh (IωωIαMM ×+==  (7-4) 
 
where superscript D indicates quantities measured in the detached-head impacts. 
Although these moments may not be exactly the same, the above assumption provided 
reasonable approximations for Mh and Mn. 
 
 
Table 33   Results of the detached-head and full-body oblique impacts 
Impact 
Type 
VN 
(m/s) 
VT 
(m/s) 
FN,max 
(kN) 
FT,max 
(kN) 
FT/FN (r)1 |a|max 
(g) 
αx,max 
(krad/s2) 
αy,max 
(krad/s2) 
αz,max 
(krad/s2) 
|α|max 
(krad/s2) 
5 3.75 1.29 0.34 (0.988) 80 1.6 3.4 -5.1 6.1 2.5 
10 3.76 1.51 0.40 (1.000) 81 1.7 3.5 -5.1 6.3 
5 7.86 2.22 0.22 (0.932) 165 2.3 5.6 -8.3 9.7 5 
10 7.66 3.07 0.38 (0.997) 159 2.7 7.6 -9.6 12.2 
5 11.48 3.32 0.17 (0.892) 230 2.9 5.8 -10.2 11.2 
Detached
-head 
7.5 
10 10.68 3.50 0.31 (0.970) 217 3.2 10.2 -12.9 15.8 
5 3.82 1.31 0.33 (0.984) 73 2.5 2.6 -4.0 5.2 2.5 
10 3.85 1.54 0.40 (1.000) 73 2.9 2.7 -4.1 5.5 
5 7.90 2.21 0.22 (0.933) 144 3.9 3.8 -6.5 8.0 5 
10 7.68 3.08 0.38 (0.996) 143 4.9 6.1 -7.5 10.4 
5 11.54 3.32 0.18 (0.901) 199 5.5 4.3 -8.8 9.9 
Full-body 
7.5 
10 10.72 3.50 0.31 (0.963) 191 5.9 7.5 -10.1 13.2 
5 7.83 2.21 0.24 (0.949) 161 3.9 4.7 -6.6 8.2 5 
10 7.63 3.06 0.38 (0.998) 158 4.4 5.9 -7.5 10.3 
5 11.37 3.32 0.19 (0.920) 228 4.4 5.0 -7.9 9.9 
Modified 
detached-
head 7.5 
10 10.62 3.50 0.32 (0.972) 216 5.4 8.3 -10.4 13.6 
1
 The slope of the line fitted to FT  vs. FN  data and the correlation coefficient. 
 
 
The components of Mh and Mn are presented in Table 34 for various normal and 
tangential impact velocities. When a component of Mn has a sign opposite to the same 
component of Mh, it indicates that the influence of the body was decreasing the 
magnitude of the same component of the rotational acceleration and vice versa. 
Therefore, the influence of the body was decreasing the magnitude of the acceleration 
about the y and z axes (rotations in the sagittal and axial planes respectively) but 
increasing the magnitude of the rotational acceleration about the x axis (rotation in the 
coronal plane). The value of αx,max for all full-body impacts was lower than the 
rotational acceleration threshold of 10 krad/s2 (Margulies and Thibault, 1992). 
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Nonetheless, Mills et al. (2009) used a helmet with a stiffer liner (60 kg/m3) in similar 
oblique impacts using a Hybrid II headform and found much higher values for αx,max 
(for example, they found αx,max = 6.3 krad/s2 when VN = 5 m/s and VT = 5 m/s, which 
is nearly three times as high as αx,max obtained in this study for the detached-head 
impact at the same impact speeds). This example points to the fact that the effect of 
the body on rotational acceleration components can be very important and probably 
should be considered in oblique impacts. 
 
 
Table 34   Results of the full-body oblique impacts 
VN 
(m/s) 
VT 
(m/s) 
Mh,x(1) 
(N.m) 
Mh,y 
(N.m) 
Mh,z 
(N.m) 
Mn,x 
(N.m) 
Mn,y 
(N.m) 
Mn,z 
(N.m) 
λx
(2) 
λy λz 
5 76 144 -172 60 -47 37 -0.31 0.40 0.32 5 
10 94 198 -203 43 -48 42 -0.12 0.23 0.36 
5 98 150 -209 68 -58 41 -0.21 0.26 0.20 7.5 
10 110 263 -268 72 -77 65 -0.15 0.29 0.20 
1
 Maximum values of moments are given in this table. 
2 For each modified inertia index, its value at the time of the peak of the corresponding acceleration component is 
reported. 
 
 
It was shown in chapter 5 that in order to take into account the effect of the body 
on head linear acceleration in normal headform drop tests, the mass of the headform 
should be increased. The analogous quantity in rotation is the inertia matrix. Hence, 
the aim was to find a modified inertia matrix for the detached head, Im, so that: 
 
)ω(IωαIM mmh ×+=  (7-5) 
  
This equation results in three linear equations with six unknowns, namely Ixx, Iyy, Izz , 
Ixy ( = Iyx), Ixz ( = Izx) and Iyz ( = Izy). The head of THUMS has only one non-zero 
product of inertia, which is as small as less than 20% of its moments of inertia. It was 
assumed that this component is also zero. Therefore, using eq. (7-5), the three 
unknowns of Im can be calculated as: 
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A set of dimensionless parameters were defined as: 
 
1
,
−= xxxxmx IIλ , 1, −= yyyymy IIλ , 1, −= zzzzmz IIλ  (7-7) 
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These parameters, which are called “modified inertia indices” in this text, were not 
constant versus time, as shown in Figure 73. However, to modify the inertia matrix of 
the head, one value should be selected for them. As the main aim is to modify the 
peak of the rotational acceleration components, the values at the time of their peaks 
were chosen. The modified inertia indices were calculated for different normal and 
tangential velocities, which are presented in Table 34. This table shows that the 
indices were dependent on the normal and tangential components of the impact 
velocity. 
 
 
Figure 73   Modified inertia indices, VN  = 5 m/s and VT  = 10 m/s. 
 
 
To verify the assumptions made to calculate a modified inertia tensor, the head was 
modified by replacing its I with Im and the same oblique impacts were simulated. To 
calculate Im, the modified inertia indices corresponding to VN  = 5 m/s and VT  = 10 m/s 
were used. The impact results are given in Table 33. As it was expected, the best 
prediction of the head rotational acceleration was made when VN  = 5 m/s and VT  = 10 
m/s; the maximum discrepancy was about 10% for αx,max. For other impact velocities, 
discrepancies are greater. This is due to the fact that their associated modified inertia 
indices were different from those used to calculate Im (Table 34). Despite the 
dependency of λi on the impact speed, they can be used in oblique impact test 
methods because in test methods usually one value is set for the impact speed. The 
results show that the modified head could predict the head rotational acceleration 
components with a high degree of accuracy for the impact speeds for which the 
indices were chosen. There was also good agreement between resultant rotational 
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accelerations of the full-body impacts and those predicted in the modified detached-
head impacts for all impact speeds, as reported in Table 33 and shown in Figure 74. 
 
 
  
Figure 74   Head acceleration for detached-head (D), modified detached-head (MD) and full-body 
(F) oblique impacts; VN  = 7.5 m/s and (left) VT  = 5 m/s , (right) VT  = 10 m/s. 
 
 
The second peak of head rotational acceleration in full-body impacts, shown in 
Figure 74, was due to the neck energy release. This energy was accumulated in the 
neck muscles during the crushing of the helmet from 0 ms to about 5 ms. When the 
helmet rebounded and the anvil/helmet forces (FN and FT) dropped towards zero, the 
constraints on the head were removed and the release of the elastic energy 
accumulated in the neck resulted in the second peak of rotational acceleration. This 
phenomenon cannot occur in detached-head impacts. This second peak is also 
recognizable in Figure 71 for the full-body impact at VN  = 5 m/s and VT  = 5 m/s and 
10 m/s but its value is approximately half. It can be concluded that the value of this 
peak was mainly affected by VN  rather than VT . 
Comparing the |a|max of the detached-head and the modified detached-head results 
(Table 33), it can be inferred that |a|max was independent of the changes in the inertia 
matrix of the head. To take into account the influence of the body on |a|max, the mass 
of the head should be increased, as discussed in previous chapters. 
7.5 Discussion 
The influence of the body on head rotational acceleration has been investigated in 
COST (2001)  by oblique impact testing a helmeted Hybrid III dummy. The head 
resultant rotational acceleration was found to be higher than similar tests but by using 
a Hybrid II headform. It was interpreted as the influence of the body, which increased 
one component of rotational acceleration. Similar phenomenon was observed in the 
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simulations for αx, but its increase was not so large to overcome the inverse effect of 
the body on other two components of rotational acceleration. The results obtained in 
COST tests might be far from reality because they used a Hybrid III dummy. In the 
present study, the THUMS human body model was used. As shown in the previous 
chapter, it provides good approximation of the neck force under axial loading. Even 
though its cervical spine has not been validated against oblique impacts, using a 
human body model with a correct anatomical representation of the neck provides 
more realistic insight into the head/body coupling than the Hybrid III dummy. 
The heads used in this study for the full-body and detached-head impacts were the 
same. In this way, the only difference between these two types of simulations was the 
presence or absence of the rest of the body; therefore, the comparison between their 
results revealed the influence of the body. The inertial properties of the THUMS head 
are slightly different from those of headforms that have been used for experimental 
oblique impacts, such as the Hybrid II and Ogle-Opat headforms (COST327, 2001, 
Mills and Gilchrist, 2008). The moments of inertia of the Hybrid II headform, 
employed for oblique impact testing the AGV-T2 helmet, were respectively 3%, 13% 
and 7% larger than those of the THUMS’s head. Nonetheless, the modified inertia 
indices proposed for modifying the headform’s inertia matrix (given Ixz = 0), were 
dimensionless parameters. They define the percentage of the increase or decrease in 
the head’s moments of inertia. Therefore, they may be used to calculate the modified 
inertia matrix of any test headform in order to include the effect of the body on 
rotational acceleration components of the head. It should be noted that the indices are 
specific to the simulated impact configuration, side/30°, which is believed to cause a 
severe impact in terms of the head rotational acceleration (Mills, et al., 2009). In 
future, they should be calculated for other impact configurations. 
The head rotational acceleration is believed to be an important cause of head 
injuries (Gennarelli, 1983, Holbourn, 1943, Margulies and Thibault, 1992). 
Nevertheless, the aim of the oblique impact test of current standards (BS6658, 1985, 
UNECE22.05, 2002) is to assess the force caused by friction at the helmet/anvil 
interface, FT,max. In COST 327, it was shown that there is a strong linear relationship 
between FT,max and |α|max. However, this relationship was found for a single impact 
site. Mills et al. (2009) showed that there is no correlation between these parameters 
when a range of impact sites were considered. They also found that for a single site, 
the slope of the line fitted to the FT,max vs. |α|max data was dependent on the helmet 
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used. Therefore, it was concluded that FT,max cannot be a surrogate for |α|max. This is 
the reason why in this study, the focus was on the rotational acceleration of the head 
and not on other surrogates. These findings suggest that in an effective oblique impact 
test, rotational acceleration of the head should be directly measured and the effect of 
the body should be included, for instance, by modifying the inertial properties of the 
headform as explained in this chapter. 
Current standards do not have an oblique impact test or if they have VN is very low. 
While values of VN more than 5 m/s are typical of severe accidents, in the current 
oblique impact test methods VN  < 2.6 m/s. This component of the impact velocity 
affects the liner crushing distance and consequently the normal force on the head. 
Mills et al. (2008) reported that the moment of a normal force not passing through the 
C.G. of the head contributed to as much as 40% of the head rotational acceleration in 
a bicycle helmet oblique impact. As shown in this chapter, for VT = 10 m/s the helmet 
slid on the anvil and the ratio FT/FN reached its maximal value. In the simulated 
impact configuration, a greater FT caused higher rotational acceleration for a given 
VN. Therefore, at VN = 5 m/s and VT = 10 m/s the performance of helmets would be 
evaluated in severe and more probable conditions. However, it is very expensive to 
adapt test laboratories to test helmets at large impact velocities due to their height 
limitations. A reasonable proposal for velocity components of an effective oblique 
impact test is VN  = 5 m/s and VT = 8.5 m/s. This can be achieved by dropping the 
helmeted headform onto an anvil inclined at 30° to the vertical, from a height 
equivalent to an impact velocity of 10 m/s (which is equal to the impact velocity of 
the oblique impact test of the BS6658 standard). 
The FE model of the AGV-T2 helmet was validated against oblique impact test 
results. The friction coefficient at the helmet/anvil interface was obtained from 
experimental results. It has been shown that the helmet can accurately predict 
rotational acceleration of the headform in the oblique impact. However, THUMS has 
not been validated specifically for the kind of impacts studied in this chapter. 
Therefore, there is a need for evaluating the performance of the THUMS head and 
neck when its head is directly subjected to oblique impacts. Nonetheless, it represents 
the anatomical structures of the (cervical) spine much better than for instance a 
dummy. 
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7.6 Conclusions 
A commercially available helmet was modelled in LS-DYNA and oblique impact 
tested by using the THUMS human body model. The results were compared with the 
results of the same impacts but by using the detached head of THUMS to exclude any 
effect except the presence of the rest of the body. It has been shown that the presence 
of the body influences the head rotational acceleration components considerably. 
On the basis of the equations of general three-dimensional motion of a rigid body, 
the moments acting on the head through the neck were estimated. These moments 
affect the head rotational acceleration in full-body impacts compared to detached-
head impacts. It has been shown that a simple yet appropriate measure to account for 
them in detached-head oblique impacts is modifying the inertia matrix of the head. 
The modified inertia indices have been calculated for the side/30° impact at various 
impact velocities. 
Including a severe oblique impact test in standards causes the engineers to optimise 
helmets for more realistic test conditions. A reasonable oblique impact test, which 
induces rotational accelerations typical of severe impacts, is dropping a helmet, 
positioned on a modified headform, at an impact velocity of 10 m/s onto a flat anvil 
inclined at 30° to the vertical. 
7.7 Publications 
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Influence of the body on head rotational acceleration in motorcycle helmet 
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8 Intracranial Response in Helmet Oblique 
Impacts 
 
 
8.1 Introduction 
In previous chapters, it was found that the presence of the body in helmet normal 
and oblique impacts influences both linear and rotational accelerations of the head. As 
it was discussed in chapter 2, kinematic head injury predictors are usually based on 
the assumption that either linear acceleration or rotational acceleration is the main 
cause of head injury while it has been shown that their combination increases the 
injury risk (Ueno and Melvin, 1995). Furthermore, they are not sensitive to the 
loading direction and are not capable of distinguishing between injuries of head 
tissues, e.g. DAI and SDH. These drawbacks have formed a tendency among 
researchers and some standard committees towards using head injury predictors which 
are based on the tissue level response of the head rather than its kinematics. This can 
be achieved by using calibrated FE models of the human head. 
This chapter is dedicated to the evaluation of predictors of DAI and SDH in 
oblique impacts reported in chapter 7, by using the Strasbourg University FE head 
model (SUFEHM). Oblique impacts were chosen since they induced substantial 
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rotational acceleration in contrast to normal impacts and they are more probable to 
occur in real world accidents. It is attempted to investigate the influence of the 
presence of the body in helmet impacts on tissue level head injury predictors. In 
addition, the suitability of the proposed methods to take into account the effect of the 
body on the kinematics of the head is examined with respect to the intracranial 
response. 
8.2 Methodology 
8.2.1 Strasbourg University FE head model (SUFEHM) 
The SUFEHM, which was provided by the Strasbourg University (France) for this 
project, was used to evaluate tissue level head injury predictors. This head model 
includes almost all biomechanically important parts of the head, including the scalp, 
skull, brain, CSF, tentorium and falx (Figure 75). The SUFEHM was developed by 
Kang et al. (1997) in the Radioss code, and validated against cadaver experiments by 
Willinger et al. (1999). Then it was used to simulate more than 60 cases of real world 
accidents (Marjoux, et al., 2008, Willinger and Baumgartner, 2003). Using the logistic 
regression method, it was found that Von Mises stress in the brain, the strain energy 
of the CSF and the strain energy of the skull are the best predictors of respectively 
DAI, SDH and skull fracture. This model has been applied to evaluate the impact 
behaviour of protective devices (Deck and Willinger, 2006, Tinard, et al., 2009) and 
in forensic investigations (Raul, et al., 2006). 
 
 
 
Figure 75   Strasbourg University FE head model. 
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There are a number of companies and institutes which use LS-DYNA software to 
study the protection of the human head in crash events. Hence, there are several 
potential applications for an LS-DYNA format of the SUFEHM. As part of this 
project, which was completed during a secondment at the Strasbourg University, the 
head model was converted from the Radioss format to LS-DYNA. It was 
subsequently validated through simulating two cadaver experiments to guarantee that 
the conversion did not reduce the capability of the model to reproduce experimental 
data. The conversion process and validation are reported in appendix C. To calibrate 
the LS-DYNA format of the SUFEHM, fifty eight well documented real world 
accidents were simulated by Deck and Willinger (2009) using this model. The 
database was comprised of eleven motorcycle accidents reconstructed by drop testing 
helmeted headforms, American football player collisions reconstructed by using 
Hybrid III head/neck systems and twenty eight pedestrian accidents reconstructed by 
numerical modelling. Injury risk curves (explained in chapter 2) were plotted for 
moderate DAI (coma duration < 24 hours) and severe DAI (coma duration > 24 
hours) with respect to maximum Von Mises stress and first principal strain in the 
brain; the best correlation was found for Von Mises stress. Its values corresponding to 
50% risks of mild and severe DAI were 28 kPa and 53 kPa respectively. SDH was 
best predicted by the internal energy of the CSF, with a 4950 mJ threshold for a 50% 
injury risk. 
8.2.2 Evaluation of intracranial parameters in helmet oblique impacts 
The SUFEHM was used to evaluate the predictors of DAI and SDH for some of 
the helmet oblique impacts reported in chapter 7. Their normal and tangential impact 
velocities (respectively VN and VT) are presented in Table 35 and a code is assigned 
to them. In these impacts, as reported in chapter 7, the THUMS human body model 
equipped with the AGV-T2 helmet was employed. The impact configuration was 
side/30° and VT was in the posterior-anterior direction. As reported in Table 33, |a|max 
varied between 143 g to 230 g and |α|max between 8 krad/2 to 15.8 krad/2, which are 
relatively wide ranges of linear and rotational accelerations. The intracranial 
parameters were evaluated for full-body (F) and detached-head (DH) impacts. In 
addition, three modified versions of the THUMS detached head were used to simulate 
the same impacts and calculate the predictors of DAI and SDH. They were: 
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1) MDH1: the mass of the head was increased by 20% corresponding to a 
body impact angle of 30°. This modification includes the effect of the body 
on ∆hmax and |a|max, as explained in chapter 6. 
2) MDH2: the inertia matrix of the head was modified by using λx = -0.12, λy 
= 0.23 and λz = 0.36, corresponding to the side/30° oblique impact at VN = 
5 m/s and VT = 10 m/s, which includes the effect of the body on |α|max, as 
explained in chapter 7. 
3) MDH3: both modifications mentioned above were applied to the head.  
 
 
Table 35   Helmet oblique impacts; side/30° 
VN (m/s) 5 5 7.5 7.5 
VT (m/s) 5 10 5 10 
code C1 C2 C3 C4 
 
 
To calculate the intracranial parameters, the skin of the SUFEHM was removed 
and its skull was switched to rigid and constrained to an inertia part located at the 
C.G. of the head. Inertial properties of the skull were calculated with LS-DYNA and 
defined for this part. Three linear and three rotational acceleration components of the 
THUMS head vs. time, which were known from the oblique impacts, were prescribed 
for this part. In this way, the kinematics of the THUMS head was defined for the 
SUFEHM. Driving FE head models by using the kinematics of another head, obtained 
from experiments or simulations, has been adopted in other studies. Zhang et al. 
(2004) used this method to study the response of head tissues in Americal football 
player head collisions, using the WSUBIM. Deck and Willinger (2008) drove the 
SUFEHM with this method by using accelerations obtained from reconstruction of 
motorcycle accidents. 
8.2.3 Influence of linear and rotational accelerations on intracranial 
parameters 
In order to evaluate and compare the influence of head linear and rotational 
accelerations on Von Mises stress in the brain and the internal energy of the CSF, the 
SUFEHM was also driven with: 
1. translational kinematics of the THUMS head in full-body oblique impacts; 
2. rotational kinematics of the THUMS head in the same impacts. 
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8.3 Results 
8.3.1 Kinematics of the head in oblique impacts 
In Figure 76, ∆hmax divided by the liner thickness at the impact site (40 mm) is 
plotted vs. VN for full-body and detached-head oblique impacts. Increasing VT from 5 
m/s to 10 m/s at a constant VN almost had no effect on the liner crushing distance. 
Conversely, elevating VN linearly increased ∆hmax. The correlation coefficient of the 
lines fitted to both set of data was 0.997, which indicates that there was a strong 
relationship between VN and ∆hmax. This result is consistent with the conclusion 
drawn by Mills (2010). He compared the results of several studies on helmet oblique 
impacts and showed that there was a linear relationship between VN and |a|max, which 
was ascribed to polystyrene foam liner peak deformation increasing linearly with VN. 
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Figure 76   Crushing distance of liner vs. VN in oblique impacts; VT is 5 m/s and 10 m/s at each 
VN. 
 
 
In chapters 5 and 6, it was shown that when the body interacted with the head in 
normal drop tests, the liner crushing distance increased. Figure 76 and Figure 77 
indicate that the same phenomenon occurred in oblique impacts. Adding 20% to the 
head mass could successfully include the effect of the body on ∆hmax in oblique 
impacts, as illustrated in Figure 77 by MDH1 and MDH3 bars. It should be noted that 
the added mass value was obtained from normal impacts at a 30° body impact angle. 
Therefore, it seems that the added mass is not dependent on the tangential component 
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of the impact velocity. Modifying the inertia matrix of the head (MDH2) did not 
affect ∆hmax. 
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Figure 77   Crushing distance of the liner in the oblique impacts. 
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Figure 78   Head accelerations in the oblique impacts. 
 
 
Compressive strain of the polystyrene foam liner in the severest case (full-body in 
C4 conditions) was not more than 65%, which is far from its densification strain. 
Consequently, |a|max was lower for full-body impacts as compared to detached-head 
impacts, as shown in Figure 78. By increasing the head mass, |a|max decreased and 
almost matched the full-body impact results. However, |α|max was not changed and in 
two cases slightly increased. It probably is a consequence of a larger contact force at 
the head/helmet interface due to increasing the head mass. Since this force does not 
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pass through the C.G. of the head, its change alters the moment applied on the head 
and thus |α|max. The head with a modified inertia tensor (MDH2) predicted |α|max of 
full-body impacts with good accuracy. When both mass and inertia matrix 
modifications were applied to the head (MDH3), acceptable results were found for 
|a|max and |α|max, even though |α|max was slightly larger than the results of full-body 
impacts due to greater contact forces. 
8.3.2 Intracranial parameters in helmet oblique impacts 
The intracranial parameters evaluated for the helmet oblique impacts are plotted in 
Figure 79. In this figure, maximum Von Mises stress in the brain is divided by the 
threshold of severe DAI and the internal energy of the CSF is divided by the threshold 
of SDH. In full-body impacts, these parameters were lower compared to detached-
head impacts. In some cases the difference was as much as 30%. This is probably 
related to the difference in head accelerations. When the head mass was increased 
(MDH1), Von Mises stress in the brain decreased but it was still far from the full-
body impact results for C2 and C4 cases. In these cases, |α|max was high as compared 
to C1 and C3 respectively. The internal energy of the CSF of MDH1 agrees well with 
the full-body data. Modifying the head inertia matrix (MDH2) lowered Von Mises 
stress in the brain and the internal energy of the CSF. The best correlation between the 
modified detached head and full-body results was found when both the head mass and 
its inertia matrix were modified (MDH3). 
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Figure 79   Intracranial parameters in the oblique impacts. 
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8.3.3 Influence of linear and rotational accelerations on intracranial 
parameters 
To explore the influence of linear and rotational accelerations on Von Mises stress 
in the brain and the internal energy of the CSF, they were calculated when 
translational, rotational and complete kinematics of the THUMS head in full-body 
oblique impacts were used to drive the SUFEHM; the results are shown in Figure 80. 
This figure indicates that both linear and rotational accelerations had substantial 
contributions to DAI. In addition, for C2 and C4, the contribution of rotational 
acceleration was greater as compared to C1 and C3 respectively. This is due to an 
increase in |α|max while |a|max remained constant. This is the effect that hampered the 
influence of increasing the head mass (MDH1) on Von Mises stress in the brain for 
C2 and C4 (Figure 79). Figure 80 indicates that when translational and rotational 
motions were considered together, the probability of DAI increased, which confirms 
the results of a previous study conducted by Ueno and Melvin (1995). They found 
that if translational and rotational motions were combined, the limit of DAI had to be 
decreased. 
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Figure 80   Intracranial parameters evaluated with translational (trans.), rotational (rot.) and 
complete kinematics of the head. 
 
 
As shown in Figure 80, the internal energy of the CSF, which is an indicator of 
SDH, was 6 to 10 times larger in pure translation than in pure rotation. A 38% 
increase in |a|max nearly doubled the internal energy of the CSF. Therefore, this 
parameter was substantially dependent on the translational motion of the head rather 
than its rotation. This conclusion explains why increasing the head mass was much 
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more effective in reducing the internal energy of the CSF than modifying the head 
inertia matrix (Figure 79). 
 
 
 
Figure 81   Distribution of Von Mises stress in the brain on sagittal (left) and coronal (right) 
sections for the C2 full-body impact. 
 
 
The distribution of Von Mises stress on a sagittal view of the brain for 
translational, rotational and combined motions of the C2 full-body impact is depicted 
in Figure 81. As can be seen, the stress distribution in translation is totally different 
from that in rotation. In translation, high levels of stress occurred in the cerebellum 
above the fourth ventricle and in the brain stem below the third ventricle. In rotational 
motion, high levels of stress can be observed near the surface of the brain in the 
frontal and parietal lobes and near the sphenoid bone. The effect of tough membranes, 
especially falx, on the stress distribution in rotational motion can be seen in the 
coronal view of the brain. This is due to the rotation of the head in the coronal plane, 
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which is shown by Gennarelli et al. (1987) to cause more damage to the brain than 
rotations in the sgittal or axial plane. In a study on monkeys subjected to rotational 
accelerations, they found that the percentage of monkeys which remained in coma 
after one hour was the highest when they were subjected to rotational acceleration in 
the coronal plane. They concluded that it is likely to be because of the shape of the 
skull and tough membranes such as falx. Figure 81 indicates that a combination of 
rotation and translation results in higher levels of stress with a distribution that is a 
combination of the stress distributions in translation and rotation. 
8.4 Discussion 
In previous chapters, it was shown that the presence of the body in helmet impacts 
influences linear and rotational accelerations of the head as well as the liner crushing 
distance. As in real world accidents the body interacts with the head, it is important to 
include this effect when evaluating the protective capability of helmets. It was 
concluded that by increasing the mass of the head the effect of the body on |a|max and 
∆hmax can be included in normal impacts. In oblique impacts, which induce higher 
rotational accelerations, the effect of the body on |α|max was taken into account by 
modifying the inertia matrix of the head. This modification, however, did not 
influence |a|max and ∆hmax. As it was shown in this chapter, the best agreement 
between full-body and detached-head oblique impacts with respect to ∆hmax, |a|max and 
|α|max was achieved when the mass of the head was increased and its inertia matrix 
was modified. 
By using the SUFEHM, Von Mises stress in the brain and the internal energy of 
the CSF were evaluated for full-body and detached-head oblique impacts. 
Comparison between the results showed that the presence of the body has influenced 
these parameters, which is consistent with the findings of Tinard et al. (2009). They 
simulated impact tests of a Hybrid III dummy and its detached head onto a car bonnet 
and drove the SUFEHM with the outputs. They found a huge difference between the 
results but no method was proposed to include the effect of the body in isolated head 
impacts. In the current study, by modifying the mass and inertia matrix of the head, 
very good agreement was achieved between intracranial parameters in detached-head 
and full-body impacts. It should be noted that with the same modifications to the head 
the kinematics of the head in full-body simulations was successfully replicated. 
Therefore, outputs of helmet impacts carried out by using such a modified headform 
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can be directly used to drive FE models of the human head and evaluate the 
performance of the helmet with respect to tissue level injury predictors. 
Both translational and rotational motions of the head had a considerable 
contribution to Von Mises stress in the brain, which discredits the hypotheses that 
either linear or rotational acceleration is the main mechanism of brain injury (King, et 
al., 2003). This finding also seems to disagree with the results of a recent study by 
Kleiven (2006). He applied pure linear and pure rotational accelerations to the KTH 
head model (KTHHM) along and around the anatomic axes. Linear acceleration had 
an amplitude of 80 g and a duration of 5 ms, and the amplitude and duration of 
rotational acceleration were respectively 10–11 krad/s2 and 5 ms. These values were 
chosen so that the maximum head impact power (HIPmax defined in chapter 2) was 4.3 
kW for either motion. He found that maximum principal strain in the brain (the 
predictor of DAI for the KTHHM) was nearly 10 times higher for the rotational 
motion, while in the current study rotation and translation had similar contributions to 
the risk of DAI. In the present study, however, HIPmax was not the same in translation 
and rotation. For instance for C2, HIPmax = 40.3 kW for translation, while it was 5.8 
kW (nearly 7 times smaller) for rotation. The simulation results indicate that at least 
in helmet impacts, the power transferred to the head by translation is much higher 
than the power transferred by rotation but their contributions to intracranial injuries 
are similar. Investigation of 61 pedestrian, motorcycle and football player accidents 
also indicated that the effect of rotation on increasing the risk of DAI is comparable to 
translation (Deck, et al., 2007). 
The internal energy of the CSF, which is the predictor of SDH for SUFEHM, was 
much higher in translation than rotation. This finding is not consistent with the 
conclusion drawn by Gennarelli (1983) that SDH was mainly due to relatively short 
duration and high amplitude angular acceleration. The internal energy of the CSF was 
chosen by Willinger and Baumgartner (2003) because it had the best correlation with 
injured and non-injured cases suffering SDH. Recently, this predictor has been 
revised and replaced with the minimum pressure in the CSF layer (Deck and 
Willinger, 2008). However, none of these studies explained how these parameters are 
linked to the rupture of the bridging veins, which is reported as being the most 
probable mechanism of SDH (Viano, et al., 1989). In fact, the brain is floating in the 
CSF and therefore, can move relative to the skull. This relative movement may result 
in shearing or elongation of the bridging veins. Zhou et al. (1996) estimated that the 
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risk of SDH was four times higher in sagittal rotation than lateral, while neither the 
internal energy nor the minimum pressure in the CSF distinguish between the motion 
direction. Therefore, the suitability of these parameters for predicting SDH should be 
further investigated. 
When complete kinematics of the head was applied to the SUFEHM, Von Mises 
stress in the brain was higher, which confirms the results obtained by Ueno and 
Melvin (1995). They used accelerations measured in a frontal impact to the head of a 
Hybrid III dummy in a sled test and used them to drive a two dimensional FE model 
of the human head. |a|max was between 150 g to 160 g and |α|max between 7 krad/s2 and 
8 krad/s2. They found that pure translation and pure rotation had comparable effects 
on peak shear stress in the brain and the effect of combined motions on this parameter 
was more than either rotation or translation. In current helmet standards, only linear 
acceleration is measured and employed to evaluate the protective capability of 
helmets. A previous research has concluded that decreasing the level of linear 
acceleration also decreases rotational accelerations that a headform experiences in 
oblique impacts (Mills, et al., 2009). Nonetheless, there may be other effective 
methods for reducing the risk of head injury. They can only be studied when both 
linear and rotational accelerations of the headform are considered for assessing the 
protective capability of helmets. 
8.5 Conclusions 
Tissue level injury predictors, including Von Mises stress in the brain and the 
internal energy of the CSF, were evaluated for helmet oblique impacts by using the 
SUFEHM. The effect of the body on these parameters was investigated. In addition, 
the effect of modifying inertial properties of the head on impact responses of the head 
and helmet were studied. The main findings of the chapter are listed below: 
• The interaction of the body with the head in helmet oblique impacts 
influences not only the kinematics of the head but also the response of its 
tissues. 
• By increasing the mass of the head and modifying its inertia tensor, the 
effect of the body on ∆hmax, |a|max and |α|max can be completely included in 
detached-head oblique impacts. 
• The same modifications mentioned above also take into account the effect 
of the body on intracranial parameters. Hence, such a modified headform 
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can be used to test helmets and evaluate more bio-faithful tissue level 
injury predictors by using the measured linear and rotational accelerations. 
• Within the ranges of |a|max and |α|max that are usually expected in helmet 
impacts, contributions of linear and rotational accelerations to the risk of 
tissue level head injuries are comparable. Therefore, both of them should 
be measured in impact absorption tests to evaluate the protective capability 
of helmets. 
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9 Conclusions and Future Work 
 
 
9.1 Conclusions 
9.1.1 Impact biomechanics of the human head 
In chapter two, the impact biomechanics of the human head was briefly reviewed. 
It was shown that there are different types of head injury and several mechanisms 
have been proposed for them. Injury mechanisms based on the kinematics of the head 
cannot distinguish between the injury types in contrast to tissue level injury 
mechanisms.  Most of kinematic injury predictors are a function of either linear or 
rotational acceleration of the head, while both accelerations are important cause of 
head injury. Nonetheless, they are adopted by standards since there has been much 
research on them and they are easily measurable. 
Tissue level injury predictors can be evaluated by employing validated and 
calibrated FE models of the human head. They are superior to kinematic predictors 
because they do not have their drawbacks such as lack of directional sensitivity and 
being based on pure translation or pure rotation of the head. Further improvements in 
FE models of the human head and tissue level injury predictors are possible through 
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exploring the relation between the mechanical properties of brain tissues and its 
constituents at the cell level. 
9.1.2 Helmet standards 
In chapter three, the impact absorption test of the UNECE 22.05 standard was 
described and compared with four other well-known standards. It has been shown that 
helmet standards prescribe the same methods for assessing the impact absorption 
capability of helmets; a helmet positioned onto a detached headform is dropped onto 
an anvil and linear acceleration of the headform versus time is measured. However, 
their details are different, which can affect the design of helmets and the level of 
safety that they offer. 
There are some common important features in the helmet standards. Among them 
is employing a detached headform; it seems that designers of helmet standards have 
presumed that the influence of the rest of the body on the impact responses of the 
head and helmet is negligible. COST 327 was the most recent and complete study on 
this issue amid few studies which were found in literature. However, this study has 
obvious drawbacks and therefore, there remains a crucial question about possible risks 
that current standards have taken upon excluding the rest of the body, or its effect, in 
their impact absorption tests. 
The studied standards have adopted pass/fail criteria that are based on linear 
acceleration of the head. As it was explained in chapter two, the underlying head 
injury mechanisms are dependent on the complete kinematics of the head, which 
includes its rotational acceleration as well as linear acceleration. Some researchers 
have suggested recording linear and rotational accelerations of the headform in impact 
tests and using them to drive FE models of the human head, and finally extract tissue 
level injury predictors (Deck and Willinger, 2008). 
9.1.3 Helmet FE modelling 
A detailed FE model of a commercially available composite-shell helmet was 
developed in LS-DYNA and validated against experimental data for impacts at 
various sites and by using both flat and kerbstone anvils. To find the mechanical 
properties of the hybrid lamina, which forms a major part of the shell, the equations 
used for a lamina made of one type of fibres were extended to a lamina made of two 
different types of fibres. Comparison between the coupon test and FE simulation 
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results confirmed validity of these equations. These equations can be used to calculate 
mechanical properties of other hybrid laminas that might be used in helmets owing to 
their low weight and superior toughness and strength properties. 
It was shown that when the chin strap was modelled with shell elements and 
contact was defined at its interface with the neck, it influenced the impact results to 
some extent, whereas modelling it with spring elements, had no influence on the 
impact results (Cernicchi, et al., 2008). The former model is closer to reality and is 
expected to give better results especially for impacts involving larger rotations 
between the headform and the helmet. 
Due to the material model used for the layers of the shell, which softens once 
damage initiates, the impact results were susceptible to be mesh size dependent. 
Simulation results of helmet drop tests onto a kerbstone anvil indicated that a 
considerable amount of the impact energy was absorbed by the shell through damage. 
Despite increasing mesh size as much as 3 times, its influence on the absorbed energy 
was negligible. However, better results were found for the headform acceleration by 
using element size of the shell between 3 mm to 6 mm. Eventually, 3 mm mesh size 
was chosen in order to model some regions of the shell, such as its side, with more 
accuracy. 
9.1.4 Helmet full-body normal impact test using the hybrid III dummy 
A commercially available helmet was drop tested by using the Hybrid III dummy 
and its detached head. It was shown that the presence of the body increases the liner 
crushing distance. This effect caused complete bottoming out of the liner at the 7.5 
m/s impact speed and consequently the large head acceleration and normal force. 
Using the solution to the analytical model of the helmet drop test and the FEA results, 
it has been shown that increasing the mass of the headform can be a simple yet 
appropriate way of including the effect of the whole body in drop tests.  
A dimensionless parameter called the added mass index has been defined, which is 
the ratio of the proposed increase in the headform mass to its original mass. By using 
this index, it is possible to quantify the effect of the body on the head and helmet 
impact responses. 
It has been shown that increasing the mass of the headform in drop tests based on 
the results obtained by using the Hybrid III dummy may lead to a stringent test 
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method only if the limit of head linear acceleration set in the standard is decreased by 
(1+γm)0.5. 
9.1.5 Helmet full-body normal impact test using THUMS 
The impact response of a motorcycle helmet in full-body normal impacts was 
investigated numerically by using validated FE models. The Hybrid III and THUMS 
FE models represented the human body in the simulations. The results have refined 
and broadened the achievements of chapter five, which suggested increasing the mass 
of the headform in order to take into account the influence of the body on the head 
linear acceleration and liner crushing distance. The main findings of the investigations 
are listed below. 
• The Hybrid III dummy overestimates γm because its neck is too stiff in the 
axial direction compared to the human neck. On the other hand, THUMS 
slightly underestimates the neck axial force, and thus γm, but due probably 
to the correct anatomical representation of the neck, it provides more 
realistic insight into the head/body coupling than the Hybrid III dummy. 
• The values of the added mass index calculated by dropping helmeted 
THUMS in different impact configurations has a linear relation, with a 
positive slope, with the body impact angle, and is nearly independent of the 
impact site.  
• Since 57% of motorcycle accidents occur at body impact angles less than 
30°, it is proposed to increase the mass of the “J” size headform of the 
UNECE 22.05 standard by 20% for impacts at points B, R and X, and 
decrease the limit of the linear acceleration by 9%. For impacts at point P, 
the mass should be increased by 42% and the acceleration limit decreased 
by 16%. These proposals are based on the results obtained by using the 
THUMS human body model as a human surrogate. 
• An alternative to the above proposal is using two headforms of the same 
size to test helmets: one with the original mass and one with the increased 
mass. In this way, there is no need to change the acceptance limit of head 
acceleration. 
• The added mass index is independent of the type of the helmet used in 
impacts. 
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9.1.6 Helmet full-body oblique impact test using THUMS 
Helmet full-body oblique impacts were simulated by using the THUMS human 
body model coupled with the FE model of the AGV-T2 helmet. The results were 
compared with the results of the same virtual impacts but by using the detached head 
of THUMS to exclude any effect except the presence of the rest of the body. It has 
been shown that the presence of the body influences the head rotational acceleration 
components considerably. 
On the basis of the equations of general three-dimensional motion of a rigid body, 
the moments acting on the head through the neck were estimated. These moments 
affect the head rotational acceleration in full-body impacts compared to detached-
head impacts. It has been shown that a simple yet appropriate measure to account for 
them in detached-head oblique impacts is modifying the inertia matrix of the head. 
The modified inertia indices have been calculated for the side/30° impact at various 
impact velocities. 
Including a severe oblique impact test in standards causes the engineers to optimise 
helmets for more realistic test conditions. A reasonable oblique impact test, which 
induces rotational accelerations typical of severe impacts, is dropping a helmet, 
positioned on a modified headform, at an impact velocity of 10 m/s onto a flat anvil 
inclined at 30° to the vertical. 
9.1.7 Influence of the body on intracranial injury predictors 
Tissue level injury predictors, including Von Mises stress in the brain and the 
internal energy of the CSF, were evaluated for helmet oblique impacts by using the 
SUFEHM. The effect of the body on these parameters was investigated. In addition, 
the effect of modifying inertial properties of the head on the impact responses of the 
head and helmet were studied. The main findings are listed below: 
• The interaction of the body with the head in helmet oblique impacts 
influences not only the kinematics of the head but also the response of its 
tissues. 
• By increasing the mass of the head and modifying its inertia tensor, the 
effect of the body on ∆hmax, |a|max and |α|max can be completely included in 
detached-head oblique impacts. 
• The same modifications mentioned above also take into account the effect 
of the body on intracranial parameters. Hence, such a modified headform 
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can be used to test helmets and evaluate more bio-faithful tissue level 
injury predictors by using the measured linear and rotational accelerations. 
• Within the ranges of |a|max and |α|max that are usually expected in helmet 
impacts, contributions of linear and rotational accelerations to the risk of 
tissue level head injuries are comparable. Therefore, both of them should 
be measured in impact absorption tests in order to evaluate the protective 
capability of helmets. 
9.2 Future work 
1. The focus of this study was on head injury; however, a previous study has 
shown that in padded impacts (when the head/neck preparation was dropped 
onto a surface covered with a layer of EPS or PU foams) neck injury can occur 
at impact speeds much lower than helmet drop test speeds (Nightingale, et al., 
1996). In COST project, it was found that the risk of neck injury increases with 
the impact speed. It was also found that when there was a neck injury, it was 
often associated with a head injury of the same or higher severity. Nonetheless, 
15% of AIS 4 head injuries sustained AIS 5/6 neck injuries. Therefore, it seems 
necessary to investigate the effect of helmets in reducing the risk of neck 
injury. 
2. Even at a shallow body impact angle, φ = 30°, a potentially injurious axial 
force was developed in the THUMS neck. This was attributed to the constraint 
imposed on the head from the helmet, which itself was constrained by friction 
at its interface with the anvil. It has been shown in a number of studies that in 
situations where the neck is in the loading path of the following torso, 
constraining the head motion increases the risk of neck injury (Hodgson and 
Thomas, 1980, Nightingale, et al., 1997b, Yoganandan, et al., 1986). Camacho 
et al. (1999) showed that in near-axial impacts (φ ≈ 90°), increasing the 
head/anvil friction coefficient from 0 to 0.2 dramatically increased the neck 
force. In helmet impacts, it has been shown that decreasing the friction 
coefficient at the helmet/anvil interface does not necessarily decrease the risk 
of head injury (Mills, et al., 2009) but the study of Camacho and co-workers 
points to the possibility of reducing neck injury and perhaps the degree of 
head/body coupling by reducing the helmet/anvil friction. This effect should be 
studied in future. 
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3. It should be noted that the added mass values reported in this study are valid 
for the total body mass of THUMS, 78.1 kg, which is almost identical to the 
mass of the 50th percentile male Hybrid III dummy, 78.3 kg given in Table 28. 
Therefore, the proposed added mass is applicable to the middle size of ISO 
headforms, “J”. An important question for future studies is to obtain this index 
for other size of headforms. 
4. The modified inertia indices proposed for modifying the headform inertia 
matrix (given Ixz = 0), were dimensionless parameters. They define the 
percentage of the increase or decrease in the head moments of inertia. 
Therefore, they may be used to calculate the modified inertia matrix of any test 
headform in order to include the effect of the body on rotational acceleration 
components of the head. However, the indices are specific to the simulated 
impact configuration (side/30°) which is believed to cause a severe impact in 
terms of the head rotational acceleration (Mills, et al., 2009). In future, they 
should be calculated for other impact configurations. In addition, they should 
be evaluated by varying the properties of the helmet. 
9.3 Implications of the research 
1. A detailed FE model of a commercially available motorcycle helmet, with a 
composite shell, has been developed in LS-DYNA crash code and validated 
against normal and oblique impact test data. This model, coupled with the 
head of various human body or dummy FE models, can be used to study 
different aspects of standards or motorcycle accidents. 
2. An analytical model has been proposed for the helmeted headform impact. The 
solution to this model has revealed the relations between impact inputs, 
properties of the helmet and impact outputs. 
3. The head and neck of the FE model of the Hybrid III dummy provided for LS-
DYNA users by LSTC  has been validated in impact scenarios where the head 
is subjected to direct impact loading. 
4. The THUMS human body model (2008) has been validated against cadaver 
experiments with respect to the upper neck forces. 
5. In order to test helmets in impact conditions which are more realistic to real 
world accidents and stringent, it has been proposed to increase the mass of the 
headform, in the drop test procedure of the UNECE 22.05 standard. For 
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impacts at points B, R and X this increase is 20%. For vertex impact (point P), 
the proposed increase is 42%. To avoid helmet designs with stiff liner foams, 
the mass increases should be together with respectively 9% and 16% 
reductions in the acceptance limit of acceleration. 
6. An alternative to the above proposal is using two headforms of the same size 
to test helmets: one with the original mass and one with the increased mass. In 
this way, there is no need to change the acceptance limit of head acceleration. 
7. Modifying the inertia matrix of the headform has been proposed as an 
economical yet appropriate measure to include the influence of the body on 
rotational acceleration of the head. 
8. The same modifications to the headform mass and moment of inertia 
mentioned above has been proposed for including the influence of the body on 
intracranial parameters in helmeted headform drop tests. 
9. An FE model of the Hybrid II headform with a deformable rubber skin has 
been developed in LS-DYNA and validated. 
10. The Strasbourg University FE head model has been transferred from Radioss 
to LS-DYNA and validated against cadaver experiments for skull fracture and 
intracranial pressures in short duration impacts. 
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Appendix A   Abbreviated Injury Scale 
 
 
The most common index for quantifying injury severity is the Abbreviated Injury 
Scale (AIS). It was developed by physicians of the emergency room. This index 
ranges from 0 to 6 as shown in Table 36. Here, severity means a threat to life, not 
probability of disability or impairment (King, 2000). The AIS index classifies an 
individual injury by the body region and does not assess combined injuries. MAIS, 
which is the maximum value of AIS indices of a patient with multiple injuries, is 
usually used to describe the overall severity of injuries. In national statistics, MAIS 1, 
MAIS 2-4 and MAIS 5/6, respectively correspond to 88% minor, 80% serious and 
75% fatal injuries (COST327, 2001). 
 
Table 36   Definition of the levels of abbreviated injury scale (AIS) 
AIS 0 1 2 3 4 5 6 
Severity 
level 
no injury minor moderate serious severe Life 
threatening 
fatal 
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Appendix B    Anatomical Planes and Directions1 
 
 
Planes: axial, coronal, and sagittal planes are three principal anatomical planes, 
illustrated in Figure 82. The axial plane cuts the body horizontally into superior 
(upper) and inferior (lower) portions, the coronal plane cuts the body vertically into 
anterior (front) and posterior (back) portions and the sagittal plane cuts the body 
vertically into left and right portions. The sagittal plane that cuts the body exactly 
along its middle is known as the midsagittal plane. 
Direction: direction is used, when the body is in the anatomical position, to 
explain the location of a structure relative to the structures surrounding it. Anatomical 
directions are described in Table 37. 
 
                                                 
1
 The content of this appendix is cited from (Primal_Pictures, 2006). 
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Figure 82   Anatomical planes. 
 
 
Table 37   Description of anatomical directions 
direction description 
anterior towards the front of the body  (in front of) 
posterior towards the back of the body (behind) 
superior above (on top of) 
inferior below (underneath) 
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Appendix C   Human Head FE Modelling and 
Validation 
 
 
The SUFEHM was converted from the Radioss format to the LS-DYNA format 
and validated by replicating two cadaveric experiments to guarantee that the 
conversion did not reduce the capability of the model to reproduce experimental data. 
This appendix explains the conversion process and validation of the model.  
First, meshes of the head parts, including scalp, skull, facial bone, CSF, brain, falx 
and tentorium, were transferred. Then, suitable material models were selected in LS-
DYNA and assigned to each part. The facial bone, falx and tentorium were modelled 
using single integration 4-node quadrilateral shell elements and the Elastic material 
model of LS-DYNA. For the CSF and scalp, single integration linear hexahedral 
elements and the Elastic material model were used. The brain was modelled with 
single integration hexahedral elements and the Brain Linear Viscoelastic material 
model. The only differences between this material model and MAT6, which was used 
in chapter 7 to define the skin of the Hybrid II dummy, is that it provides more control 
over elemental outputs and its formulation can be changed between the Maxwell 
model and the Kelvin model. The Maxwell model (eq. 7.4) was chosen since the same 
model was employed in the Radioss format of the head. Table 38 presents material 
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properties of the components of the head model, which were extracted from its 
Radioss format and are detailed in (Kang, et al., 1997). 
 
 
Table 38   Material properties of parts of the SUFEHM 
parts of the head density (kg/m3) Young’s modulus (MPa) Poisson ratio 
facial bone 2500 5000 0.23 
falx 1140 31.5 0.45 
tentorium 1140 31.5 0.45 
CSF 1040 0.012 0.49 
scalp 1000 16.7 0.42 
brain 1040 
K = 1125 MPa 
G0 = 49 kPa, G∞ = 16.2 kPa 
β = 0.145 ms-1 
- 
 
 
C.1 Skull material and section definitions 
The skull bone is composed of three layers: inner and outer tables made of 
compact bone (cortical bone) and the middle spongy layer (diploe). The mechanical 
behaviour of each layer has been studied through performing tension, compression or 
bending tests on cadaveric bones (McElhaney, et al., 1970, Motherway, et al., 2009, 
Wood, 1971). Wood (1971) showed that, unlike the other bones of the body, the skull 
compact bone is isotropic in the direction tangent to the skull surface, which agrees 
with the findings of McElhaney, et l. (1970). Furthermore, Young’s modulus and 
ultimate tensile stress and strain of the cortical bone are sensitive to the rate of 
loading. 
In the thickness direction, the skull bone can be modelled as a sandwich panel 
comprised of three layers. On account of the relatively small thickness of the skull, 
the skull was meshed with linear quadrilateral shell elements and three through 
thickness integration points were defined to represent the inner table, diploe and outer 
table. These layers are transversely isotropic and brittle; hence, the Laminated 
Composite Fabric material model of LS-DYNA was selected for modelling their 
behaviour. Table 39 summarises the material properties of the skull layers used in the 
subsequent analysis. Young’s modulus and ultimate tensile strength of the cortical 
bone and diploe were measured respectively by Wood (1971) and Melvin et al. 
(1970); other values were used in the Radioss format of the head model. 
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Table 39   Material properties of the skull layers used in LS-DYNA 
 cortical bone diploe 
density (kg/m3) 1900 1500 
Young’s modulus (MPa) 12000 1000 
shear modulus (MPa) 4959 476 
Poisson ratio 0.21 0.05 
ultimate tensile stress (MPa) 100 32.4 
ultimate tensile strain 0.0083 0.0324 
ultimate compressive stress (MPa) 100 32.4 
ultimate compressive strain 0.0083 0.0324 
ultimate shear stress (MPa) 100 32.4 
ultimate shear strain 0.0202 0.068 
thickness (mm) 2 3 
 
 
C.2 Validation for skull deformation and fracture 
Yoganandan et al. (1995) conducted an experimental study on human cadaver 
heads in order to further explore the biomechanics of skull fracture. The heads were 
fixed at their distal end and loaded statically and dynamically at different locations 
with an anvil. The anvil was a metal hemisphere with a radius of 48 mm, which was 
rigidly attached to an electro-hydraulic actuator. In dynamic tests, the impact 
velocities varied between 7.1 m/s and 8 m/s. The applied external force and the 
displacement of the anvil were recorded during tests. The failure force ranged from 
8.8 kN to 14.1 kN and the displacement from 3.4 mm to 9.8 mm. Their overall mean 
values were 11.9 ± 0.9 kN and 5.8 ± 1.0 mm respectively. 
 
 
 
Figure 83   Simulation set-up of the dynamic test on the skull. 
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This experiment was simulated to validate the FE model of the skull. Figure 83 
illustrates the simulation set-up. The anvil was modelled as an inertia part with a mass 
of 1.213 kg (Willinger and Baumgartner, 2003). Its initial velocity was 7.3 m/s. The 
skull was embedded in the foramen magnum region. During the simulation, the 
vertical reaction force at the anvil/scalp interface and the displacement of the anvil 
were recorded. 
FE force-displacement curves are compared with the experimental curve in Figure 
84. The experimental curve in this figure is the overall mean of the dynamic tests 
results disregarding the loading site. The influence of changing the elastic modulus 
and ultimate strength of the cortical bone layers on the force-deflection behaviour of 
the skull are shown in this figure. The comparison between the light solid curve and 
the light dashed curve indicates that an increase in the elastic modulus of the inner 
and outer tables by 42% made the head stiffer, but this influence was not 
considerable. The ultimate strength of the cortical bone changed the failure force 
(light and dark solid curves); an 11% increase in the ultimate strength of the cortical 
bone increased the fracture force of the skull by 10%. The FE failure forces and 
displacements are well within the range of the experimental data and close to the 
overall mean value, which indicates that the FE model is valid for this type of loading. 
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Figure 84   Results of dynamically loading the human skull. 
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C.3 Validation for intracranial pressures 
Nahum et al. (1977) carried out a series of impacts on the frontal side of the head 
of stationary human cadavers. The head of the cadavers were inclined 45° forward 
with respect to the Frankfurt plane (which is a plane passing through the inferior 
margin of the left orbit and the upper margin of each ear canal) and impacted by a 
cylinder covered with a padding to reduce the force and spread it over time. 
Intracranial pressures were measured during impacts at five locations, shown in 
Figure 85: 
1) behind the frontal bone and adjacent to the impact area; 
2) immediately posterior and superior to the coronal and squamosal suture in the 
parietal area; 
3) and 4)  inferior to the lambdoidal suture in the occipital bone (one in each 
side); 
5) at the posterior fossa in the occipital area. 
These locations were called frontal, parietal, occipital 1 and 2 and posterior fossa, 
respectively. 
 
 
 
Figure 85   Pressure measurement locations in Nahum et al. (1977) experiment. 
 
 
This experiment was replicated by using the LS-DYNA format of the SUFEHM in 
order to validate the model for short duration direct blows. Figure 86 illustrates the 
set-up of the FE simulation. Given the short impact duration (about 6 ms), no 
boundary conditions were applied to the head. This assumption was used by other 
researchers when validating their head models (Belingardi, et al., 2005, Horgan, 2005, 
Kleiven, 2006, Willinger and Baumgartner, 2003). The important input impulse in 
this simulation is the force vs. time at the head/cylinder interface. Since the material 
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properties of the padding were not known, the initial velocity of the cylinder, which 
controls the amplitude of the force, and the elastic modulus of the padding, which 
controls force pulse duration, were adjusted so that the experimental force-time curve 
was reproduced, as can be seen in Figure 86. 
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Figure 86   Nahum et al. (1977) experiment; FE analysis set-up (left) and impact force vs. time 
(right). 
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Figure 87   Experimental intracranial pressures (Exp) reported by Nahum et al. (1977) compared 
with FEA results. 
 
 
The intracranial pressures obtained from the FE simulation are compared with 
experimental data in Figure 87. In FEA, the pressure at the integration point of an 
element located approximately at the measurement point was chosen for comparison. 
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It can be concluded that the FE model of the head predicts intracranial pressures with 
an acceptable accuracy, even though there are some discrepancies especially after the 
first pressure pulse. In fact, the important part of the curve is the first pulse, which is 
accurately predicted by the FE model. 
C.4 Publications 
The work presented in this appendix resulted in the following publications: 
 
1. Ghajari, M., Deck, C., Galvanetto, U., Iannucci, L., and Willinger, R., 
Development of numerical models for the investigation of motorcycle 
accidents, 7th European LS-DYNA Conference, Salzburg, 2009. 
2. Ghajari, M., and Galvanetto, U., Development of helmet, head and dummy FE 
models for the investigation of motorcycle accidents. MYMOSA EU research 
training network, Report no. WP3.2, 2008. 
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Appendix D   Nine Accelerometers Package 
 
 
Various methods have been devised for measuring rotational acceleration of a rigid 
body (Chou and Sinha, 1976, King, et al., 1995), but  it is commonly acknowledged 
that the first stable method was presented by Padgaonkar et al. (1975). They proposed 
to use a set of three orthogonal accelerometers together with three sets of two 
orthogonal accelerometers, called the nine accelerometers package (NAP) or the 3-2-
2-2 array. The NAP has been successfully used in several studies  to measure linear 
and rotational accelerations of a rigid body (Anderson, et al., 2003, COST327, 2001, 
Yoganandan, et al., 2006). In this study, the NAP was used to measure rotational 
acceleration of the Hybrid III headform in full-body drop tests and the Hybrid II 
headform in oblique impacts. The theory behind this method is explained in this 
appendix. 
Consider a coordinate system XYZ fixed in the space and a coordinate system xyz 
which rotates with a rotational velocity ω and a rotational acceleration α relative to 
the fixed XYZ coordinate system. From the general three dimensional motion of two 
points A and B, given the origin of the rotating coordinate system xyz is attached to A, 
we have (Riley and Sturges, 1996): 
 
BrelABABBrelAB vωRωωRαaaa ×+××+×++= 2)( //  (D-1) 
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where aB is the acceleration of B and aA is the acceleration of A and they are measured 
relative to the fixed coordinate system XYZ.  ω and α are also measured relative to 
this coordinate system. RB/A is the displacement of B relative to A and vBrel and aBrel 
are the velocity and the acceleration of B, measured relative to the rotating coordinate 
system xyz. 
If we assume that the rotating coordinate system xyz is fixed to a rigid body and B 
is a point of the rigid body, for instance an accelerometer attached to the NAP fixture, 
eq. (D-1) will be simplified to: 
 
)( // ABABAB RωωRαaa ××+×+=  (D-2) 
 
These vectors are specified in the body-fixed xyz coordinate system by using the i, j 
and k unit vectors along the x, y and z axes, as follows: 
 
kjia zByBxBB aaa ++=  (D-3a) 
kjia zAyAxAA aaa ++=  (D-3b) 
kjiα zyx ααα ++=  (D-3c) 
kjiω zyx ωωω ++=  (D-3d) 
kjiR zyxAB RRR ++=/  (D-3e) 
 
Upon substituting these vectors into eq. (D-2) and performing vector manipulations, 
the components of the acceleration of B relative to the fixed XYZ coordinate system, 
but along the axes of the body-fixed xyz coordinate system, will be: 
 
zxzyyxyzxzyxAxB RRRaa )()()( 22 ωωαωωαωω +++−++−=  (D-4a) 
zyzxyzxxyxzyAyB RRRaa )()()( 22 ωωαωωωωα +−++−++=  (D-4b) 
zyxyzyxxzxyzAzB RRRaa )()()( 22 ωωωωαωωα +−+++−+=  (D-4c) 
 
Consider that three accelerometers are located on the yz plane (coplanar 
accelerometers) of the body-fixed coordinate system xyz and their sensitive axes are in 
the x direction, such as the accelerometers 1, 4 and 9 shown in Figure 881. The 
                                                 
1
 The sensitive directions of the accelerometers affixed to the mount shown in this figure are in the 
negative directions of the axes shown. The accelerometers’ output should be multiplied by -1 to be 
used in the following formulae. 
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accelerometers 1 and 4 are located on a line parallel to the y axis at an Ry distance and 
the accelerometers 1 and 9 are located on a line parallel to the z axis at an Rz distance. 
From eq. (D-4a), the accelerations measured by these accelerometers are related by: 
 
yxyz Raa )(14 ωωα +−=−  (D-5a) 
zxzy Raa )(19 ωωα +=−  (D-5b) 
 
 
Figure 88   NAP fixture. 
 
For other sets of three coplanar accelerometers located on the xy and xz planes, similar 
relations exist: 
 
zyzx Raa )(28 ωωα +−=−  (D-5c) 
xyxz Raa )(26 ωωα +=−  (D-5d) 
yzyx Raa )(35 ωωα +=−  (D-5e) 
xzxy Raa )(37 ωωα +−=−  (D-5f) 
 
By eliminating the products of the rotational velocities in the above relations, the 
following equations are obtained: 
 
zyx RaaRaa 2/)(2/)( 2835 −−−=α  (D-6a) 
xzy RaaRaa 2/)(2/)( 3719 −−−=α  (D-6b) 
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yxz RaaRaa 2/)(2/)( 1426 −−−=α  (D-6c) 
 
Eqs. (D-6) relate the components of rotational acceleration of the rigid body to linear 
accelerations measured by the nine accelerometers mounted on the NAP fixture. 
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Appendix E    FEA of the Helmeted Hybrid III 
Dummy Drop Tests: Results 
 
 
In this appendix, the FEA results of the drop tests using the Hybrid III dummy 
equipped with the AGV-T2 helmet are presented. The results of the frontal impact 
onto the kerbstone anvil are shown in Figure 89. Figure 90 and Figure 91 present the 
results of rear impacts onto the flat and kerbstone anvils, respectively. Finally, the 
results of side impacts are given in Figure 92 and Figure 93 for impacts onto flat and 
kerbstone anvils, respectively.  
These figures show that the prediction of |a| and FN was good in all impacts. The 
small discrepancies between FE and experimental neck forces in some impacts can be 
the result of not including the flexibility of the neck in the axial direction as well as 
under shear loading in its FE model. The FE predicted neck moment was usually 
higher than experimental values. Decreasing the rotational stiffness of the Occipital 
Condyle joint in the model of the dummy will probably decrease this moment for 
front and rear impacts. For the side impacts, it can be ascribed to the excessive 
rigidity of the neck under shear loading. Finally, any difference between FE predicted 
and experimental loads and moments acting on the head could lead to the difference 
between numerical and experimental rotational accelerations. 
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Figure 89   FEA results of the AGV-T2 helmet front impact onto a kerbstone anvil at a 6 m/s 
impact velocity using a Hybrid III dummy compared with the experimental results for the same 
impact, shown as dashed curves. 
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Figure 90   FEA results of the AGV-T2 helmet rear impact onto a flat anvil at a 6 m/s impact 
velocity using a Hybrid III dummy compared with the experimental results for the same impact, 
shown as dashed curves. 
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Figure 91   FEA results of the AGV-T2 helmet rear impact onto a kerbstone anvil at a 6 m/s 
impact velocity using a Hybrid III dummy compared with the experimental results for the same 
impact, shown as dashed curves. 
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Figure 92   FEA results of the AGV-T2 helmet side impact onto a flat anvil at a 6 m/s impact 
velocity using a Hybrid III dummy compared with the experimental results for the same impact, 
shown as dashed curves. 
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Figure 93   FEA results of the AGV-T2 helmet side impact onto a kerbstone anvil at a 6 m/s 
impact velocity using a Hybrid III dummy compared with the experimental results for the same 
impact, shown as dashed curves. 
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Appendix F   Moments and Products of Inertia and 
Their Measurement 
 
 
The equations of motion of a rigid body in three dimensions have six independent 
constants, which are moments and products of inertia of the body. When a rigid body, 
such as a headform, is defined as an inertia part in LS-DYNA, it is mandatory to 
insert its moments and products of inertia in the relevant card. If a precise CAD file of 
the body is available and the densities of its parts are known, its moments and 
products of inertia can be calculated by using suitable software, such as Hypermesh. 
Another way is to measure moments of inertia by using a torsion pendulum (when the 
body is available) and work out the products of inertia by using the measurement 
results. Since there was not enough information available about the Hybrid II 
headform, the second method was used. In this appendix, measurement of the 
moments of inertia of the Hybrid II headform is explained. It is also described how 
the products of inertia can be found from the results of these measurements. 
F.1 Definition 
For a rigid body with a continuous distribution of mass, the inertia matrix can be 
expressed as (Bedford and Fowler, 2002): 
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where x, y and z are the coordinates of the differential element of mass dm (Figure 
94). Ixx, Iyy and Izz are the moments of inertia and the rest are products of inertia. From 
the definition of products of inertia, one can conclude that Ixy = Iyx, Ixz = Izx and Iyz = 
Izy. 
 
 
 
Figure 94   A differential element of an object with a continuous distribution of mass. 
 
 
F.2 Measurement of moments of inertia (torsion pendulum) 
To measure moments of inertia of an object, the torsion pendulum can be used. 
This pendulum is made of a flat plate and a frame suspended on their centreline with a 
wire (Figure 95). The object can be held on the plate in the desired orientation by 
using modelling clay. Applying some angular displacement to the plate around its 
centreline and releasing it will set the system into angular simple harmonic motion. 
The period of this motion is given by (Halliday, et al., 2001): 
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κ
pi
IT 2=  (F-2) 
 
where I is the moment of inertia of the plate and frame around the centreline. κ is the 
torsion constant, which depends on the length, diameter and material of the 
suspension wire. 
 
 
Figure 95   Torsion pendulum; three combinations: a) table and modelling clay, b) table, ring and 
modelling clay and c) table, object and modelling clay. 
 
 
In practice, this equation is not used directly to determine I. Instead, the period of 
oscillations is recorded for three combinations (Figure 95): 
1) table and modelling clay (Tt), 
2) table, ring and modelling clay (Ttr), 
3) table, object and modelling clay (Tto). 
For the second combination, a calibrated ring with known dimensions and mass, thus 
a known moment of inertia (Ir), is used. Then, the moment of inertia of the object (Io) 
is calculated as follows: 
 
)/( 222 ttrtrt TTTII −=  (F-3) 
222 /)( tttoto TTTII −=  (F-4) 
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It is the moment of inertia of the table and modelling clay. Usually, Io is determined 
for an axis passing through the centre of gravity of the object. In this condition, Io is 
least according to the parallel-axis theorem (Bedford and Fowler, 2002). Therefore, it 
is important to position the object on the table so that its C.G. coincides with the 
centreline of the table. The accuracy of this method should be explored by running the 
tests at least three times and removing and replacing the object and ring between 
consecutive runs. To reduce the effect of timing errors at the beginning and end of 
oscillations, the time of a number of oscillations (e.g. 20 oscillations) should be 
recorded for each test. 
F.3 Determining the moments and product of inertia of the Hybrid II 
headform 
The moments of inertia of the TRL’s Hybrid II headform, which was used to 
oblique impact test the AGV-T2 helmet, was determined by using the torsion 
pendulum available at TRL as explained in the previous section. x, y and z axes are 
shown in Figure 96. These axes pass through the C.G. of the headform. The NAP 
mount was installed inside the headform’s housing but accelerometers and the data 
transfer cable were not included in tests as their moments of inertia are negligible 
compared to the headform. In addition, including the data transfer cable in tests could 
cause more errors than adding to the accuracy of measurements. 
 
 
Figure 96   The orientations used to determine the inertia matrix of the Hybrid II headform. 
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The mass and dimensions of the calibrated ring were measured as mr = 8.085 kg, 
Rri = 123.15 mm (internal radius), Rre =139.02 mm (external radius) and h = 79.42 
mm (height). Its moment of inertia is calculated from: 
 
)()2/1( 22 rerirr RRmI +=  (F-5) 
 
which resulted in Ir = 1394 kg.cm2. Each measurement was repeated three times and 
between consecutive runs the ring and headform were removed and replaced. The 
results were Ixx = 222±3 kg.cm2, Iyy = 297±3 kg.cm2 and Izz = 212±2 kg.cm2. 
Coefficients of variations are approximately 1%, which indicates that the accuracy of 
this procedure is very good. 
The Hybrid II headform is symmetric with respect to its mid-sagittal plane. 
Therefore, its only non-zero product of inertia is Ixz, which is obvious from eq. (F-1). 
To calculate this quantity, the moment of inertia around x’ axis (shown in Figure 96) 
of a new coordinate system was measured. The new coordinate system was obtained 
by rotating the xyz coordinate system around the y axis by θ. The inertia matrix of the 
headform with respect to the xyz coordinate system, I, can be transformed to the new 
coordinate system as: 
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where R is the transformation matrix and RT is its transpose. Upon substituting the 
transformation matrix and its transpose into Eq. (F.6) and performing manipulations, 
we will have: 
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where c = cosθ and s = sinθ. For θ = 45°, we have: 
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( )( )zzxzxxxx IIII ++=′′ 221   
 
or: 
 
( )( )zzxxxxxz IIII +−= ′′ 21  (F-8) 
 
The moment of inertia of the headform with respect to the axis x’, shown in Figure 96, 
was measured on 263±3 kg.cm2 and by using eq. (F-8), the non-zero product of inertia 
was calculated as 46±3 kg.cm2. The coefficient of variation of 5% indicates that this 
method gives accurate results for the product of inertia. 
 
